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Abstract

Development of an Innovative Co-treatment Technology for Produced Water
and Blowdown Water: A Regional Approach of Water Management for
Energy Production

Golnoosh Khajouei

Freshwater use for power generation represents the second-largest water use globally. In the
United States, freshwater withdrawals for thermoelectric power accounted for 38% of the total
freshwater withdrawals for all uses in 2010. Cooling systems are the most water-intensive part of
the thermoelectric generation process. For instance, one 300 MW power generator required about
20,000 m3/h circulating cooling water. The cooling operation discharges a large volume of
wastewater in the form of blowdown water (10-20% of the consumed water) that requires treatment
for reuse or surface discharge. Produced water (PW), the fluid which returns to the surface from
hydraulic fracturing during oil and gas production, is one of the largest waste streams in the
petroleum industry. More than 70 billion barrels of PW were generated globally in 2009, and 21
billion barrels were produced in the US. It was estimated that approximately 1 million gallons per
gas well on average was generated in the Marcellus Shale region. In such a region where blowdown
and produced waters are often in close proximity, opportunities exist to develop innovative
approaches for water recovery and the generation of useful products from co-managing both
waters.
This research aims at developing a co-treatment process to manage BD water and PW jointly for
water recovery and generation of useful products. The treatment process consists of mixing,
softening, activated carbon filtration, and reverse osmosis (RO) followed by thermal desalination.
It is designed to take advantage of the complimentary chemistry of two waters to create chemical
and energy synergisms that reduce the chemical and energy footprints of the treatment process.
First, sulfate and carbonate from BD water could form chemical precipitation with scale-forming
cations in the PW (e.g., Ca, Ba, Sr), which can be achieved by mixing both waters. Second, the
high salt content of PW can increase the TDS concentration of the feed stream to the RO, which

in turn generates RO reject with a higher TDS concentration that can be more economically
concentrated to 10-lb brine by the thermal desalination. Additional opportunities also exist for
using the RO reject or the concentrated brine in electrolysis to generate useful products (e.g.,
NaOH and Cl2) that can be used for softening and other beneficial uses. The research objectives
include 1) development of a co-treatment process and evaluate its feasibility of targeted
contaminants removal, treatment footprint reduction, and useful products generation, 2)
development of a brine electrolysis system to generate sodium hydroxide and chlorine from the
concentrate stream of the co-treatment process, and 3) techno-economic analysis of the cotreatment approach and process optimization.
Two treatment scenarios: BD/PW co-treatment and BD water treatment were conducted to
evaluate the feasibility and efficiency of the co-treatment compared to the treatment of a single
waste stream. Experiments in both scenarios were conducted in batch and continuous operation
modes. In all the BD/PW co-treatment experiments, mixing the two streams at a BD: PW
volumetric ratio of 10:1 without any chemical addition resulted in >90% Ba removal. In both
treatment scenarios, the softening treatment using alkaline chemicals resulted in >99% removal of
divalent metals (Ca2+ and Mg2+, Ba2+, and Sr2+), and >90% TOC removal was achieved by
activated carbon filtration. RO treatment of the softened mixture resulted in 97-99% TDS rejection
and 40-95% water recovery in different experiments.
Brine electrolysis using a two-compartment electrochemical cell reliably generated sodium
hydroxide (NaOH, pH >12, faradic efficiency 93%) and free chlorine (faradic efficiency 32%)
from NaCl solutions. The generated sodium hydroxide was applied alone or combined with sodium
carbonate for softening of three produced water samples
Finally, in the last chapter, the techno-economic analysis was conducted in two different ways: 1)
economic comparison between two different scenarios on a lab scale using the experimental and
2) techno-economic analysis of the BD/PW co-treatment on a real-world scale using experimental
data and data from published works. In addition, a sensitivity analysis was performed on all major
costs and revenues to indicate the parameters which have the greatest effect on the economy of the
treatment plant.
Experimental data along with similarly published works confirmed the feasibility of BD/PW cotreatment. Economics analysis also showed that in terms of chemical consumption, the cotreatment process has a unit chemical cost two times less than the sum of the unit chemical cost of

BD water and PW treated separately. In terms of energy consumption for 10-lb brine production,
considering that 1) RO has significantly lower energy consumption than thermal desalination, and
2) PW alone cannot be fed into RO due to high TDS, the RO treatment of BD/PW can generate
concentrate stream for downstream thermal desalination and 10-lb brine production, more
economically than BD alone.
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Introduction and Research Objective

1.1 Introduction/Background
1.1.1

Blowdown Water

Petrochemicals, refineries, and power plants are among the biggest waterconsuming industries. Typically, there are two water loops in a steam-driven and wet
cooling tower power plant: 1) close loop in which high-quality boiler water is converted
into steam and drives a steam turbine which powers an electrical generator, and 2)
recirculation loop in which water extracts heat from the condenser on the low-pressure side
of the steam turbine and dissipates heat in the wet cooling tower through evaporation
(Figure 1-1) [1].

Figure 1-1. Water reuse scheme for an open recirculating wet cooling tower in a power
plant[2]
A significant amount of water in cooling towers is lost due to evaporation, wind
action, leakage, and drainage which is also known as blowdown (BD) water. Because of
the water losses, a large amount of make-up water is needed to maintain the water balance
and keep steady-state operation within the towers [3]. In 2015, 34% of freshwater
withdrawal in the US was mainly caused by usage in cooling towers for thermoelectrical
1

power generation [4]. This fact presents opportunities to reduce freshwater use, particularly
in countries where thermoelectric power generation plays a dominant role in power
production and regional water scarcity is a significant concern [2].
For a long time, in many countries, BD water was discharged directly to the surface
water rather than being treated and reused as make-up water. The consequences of BD
discharging were environmental contamination and an increase in wastewater [5]. Besides,
the high amounts of Ca2+, Mg2+, 𝐶𝑂32− , 𝐻𝐶𝑂3− , and dissolved silica (e.g., Si(OH)4) within
BD water lead to problems such as scaling and corrosion, hinder direct reuse [3]. However,
due to high volume and relatively little contamination compared to other industrial
wastewaters, BD can be a suitable resource to be used as make-up water for cooling towers
after proper treatment [3][5]. Reusing BD water after treatment can potentially reduce the
make-up water demand by about 15% [6].
Traditional treatment methods for BD water are chemical treatment (e.g., limesoftening) and brine thermal evaporation [7][8]. However, softening consumes chemicals
and generates a large amount of sludge while thermal evaporation consumes a large amount
of electricity (~20-25 kWh/m3). In recent years, membrane technologies such as
nanofiltration (NF), reverse osmosis (RO), and membrane distillation (MD) have attracted
considerable attention and are frequently used for water recovery of BD [1][5]. Due to
fouling problems, BD pre-treatment before membrane technologies is required. Fouling
adversely affects operation cost, energy demand, membrane cleaning, and lifespan of the
membrane element [5]. Pre-treatments applied for BD water may comprise various steps
of conventional treatment (coagulation, flocculation, sedimentation, and filtration),
sorption, and microfiltration (MF) [3][5][9][10][11].
1.1.2

Produced Water

Produced water (PW) is a term used for the water associated with oil and gas during
the extraction process and is considered one of the largest waste streams generated in these
industries[12]. Because of the composition of these streams, appropriate disposal in a
manner that is protective of human health and the environment is required. Currently, 20
billion barrels of PW are generated with the production of oil and gas in the US and >70
2

billion barrels in the world each year [12][13]. Two processes in oil and gas industries
result in produced water formation. First, during extraction, there is an oil/water mixture;
the source of water is usually seawater surrounding the oil well. Second, the water which
is injected into a hydrocarbon reservoir to bring deep oil to the surface ultimately becomes
part of produced water. Based on the origin, produced water can be classified as PW from
natural gas, oilfield, or coal bed methane[14]. Produced water has a simple to complex
composition; in general, PWs are of high mineral content, containing total dissolved solids
(TDS) concentration in the range of 500-6,000 upward to greater than 100,000 mg/L for
coal bed methane gas and conventional non-associated gas, respectively[15]. Other major
constituents presenting in PW include oil and grease (O&G), naturally organic and
inorganic compounds that cause hardness and scaling (e.g., calcium, magnesium, sulfate,
and barium), radioactive materials, and chemical additives. Chemical and physical
characteristics of produced water vary considerably depending on the geographical
location of the field, geological age, and features, extraction technology, type of the
produced hydrocarbon, as well as chemical composition in the reservoir[14]. This variation
affects the management and reuse of produced water.
The majority of PW generating worldwide at on-shore facilities is re-injected into
a disposal well whereas, in off-shore operation, the common practice is to discharge the
treated PW to the sea. The main treatment objective is to remove O&G and suspended
solids (SS) to avoid formation plugging in on-shore facilities and mitigating toxicity impact
on aquatic life near off-shore facilities [16].
Physical separation technologies are treatment methods applied historically.
However, in most cases, these technologies are not capable of producing an effluent
meeting the water quality standards for beneficial recycling or reuse[16]. Thus,
environmental concerns and the prospect of beneficial uses have driven the petroleum
industry to develop and adopt technologies that are capable of further treating PW to a
water stream that is compatible with water quality standards[16]. The general objectives
for operators treating PW are de-oiling, desalination, removal of SS, removal of soluble
organics, removal of dissolved gases, removal of naturally occurring radioactive materials,
disinfection, and softening[13]. The selection of PW treatment processes is often a
3

challenging problem that is steered by the overall treatment objective. The general plan is
to select the cheapest method – preferably mobile treatment units which assure the
achievement of targeted output criteria[17].
PW treatment processes fall into at least one of these categories: 1) Established
processes

that

have

been

used

for

many

years

including

API

separator,

aeration/sedimentation, activated carbon, etc. 2) Recently developed processes that have
been applied to PW on a commercial scale within the last decade including precipitation
and ion exchange, water conditioning, and freeze-thaw evaporation. 3) Emerging
technology encompasses unit processes that have been piloted or are in the experimental
stage of development for application to PW treatment including RO and electrodialysis for
PW demineralization, chemically enhanced NF, and robust attached film biological
process[13].
1.1.3

Opportunities for Co-management of Blowdown and Produced Water

Conventional treatment methods are commonly chemical and/or energy-intensive
and pose high treatment costs. For example, alkaline chemicals used for removing scaleforming cations and biocide for controlling biofouling require chemical transportation,
storage, and handling facilities which increase the environmental footprint of the treatment.
On the other hand, management of produced water through disposal into injection wells
imposes a significant portion of the well’s cost (7% to 52% depending on location) [18].
Introducing PW in BD treatment can generate advantages over traditional
treatments. First, a significant level of sulfate that typically exists in BD as well as
(bi)carbonate alkalinity can be used to form precipitates with barium (Ba), strontium (Sr),
radium (Ra), and calcium(Ca) from PW due to their low solubilities[19]. Second, the high
salt content of the PW is expected to increase the TDS concentration of the blowdown
water stream and reduce the energy required to further concentrate the mixture to a brine
of commercial value (e.g., 10-lb brine). Third, the concentrated brine generated from the
BD/PW mixture can be used in brine electrolysis to generate NaOH and free chlorine and
be used in the co-treatment process and cooling tower operations. In particular, the NaOH
can be in softening treatment of the BD/PW mixture to remove scale-forming constituents

4

(e.g., Ca, Mg). The free chlorine can be used as a disinfectant to control biofouling on
membranes and cooling towers.

1.2 Literature Review
1.2.1

Produced Water Treatment Technologies

Most of the volume of the waste stream in O&G production is produced in water.
As the production well ages, the ratio of water to oil increases. Thus, the market growth
for the management and reuse of produced water is expected to grow further[14]. At least
nine out of ten barrels of produced water generated from O&G fields are disposed into the
designated injection wells[13]. In many basins of the US, the generation of PW is already
approaching the maximum capacities for the existing option of disposal. Currently,
approaches to address this problem include water minimization (techniques for blocking
water from entering the well), and methods for preventing water from coming to the
surface. In addition, above-ground alternatives such as evaporation, land application,
surface discharge as well as beneficial uses including irrigation, livestock ponds,
maintenance of wetlands habitat, and aquifer recharge have been applied[13].
Implementation of these options in a manner that meet water quality criteria is not
inexpensive; therefore, producers look for information on the economics of PW
management, disposal, and treatment. In some cases, the quality of PW may be good such
as in some cases in coal bed natural gas areas, and not require much treatment for beneficial
use[13]. However, to meet the effluent standard in most cases for surface discharge,
groundwater recharge, or beneficial use, the treatment needs to include one or more of the
following:
• TDS reductions in the product water
• Oil and grease removal
• Decreased concentrations of benzene, toluene, ethylbenzene, and xylene (BTEX)
• Decreased concentrations of biological oxygen demand arising from soluble organics
• Control of suspended solids
• Reduction in brine volumes requiring disposal
• Control of total and fecal coliforms in the final effluent stream
5

• Removal of special constituents of concern such as boron that restrict an end-user (such
as irrigation)
• Adjustment of the sodium absorption ratio parameter (SAR) to avoid clayey soil damage
in the land application (irrigation, infiltration, groundwater recharge, etc.).
Achieving treatment objectives will require in many cases a series of individual
unit processes for the removal of contaminants [14]. PW treatment unit processes fall into
at least one of these categories: 1) “Established” process such as separator, deep bed filter,
sand filtration, aeration/sedimentation for iron removal, and suspended solids (SS) control,
and activated carbon for adsorption. 2) “Recently-developed” processes including
precipitation and ion exchange for softening, water conditioning (chemical addition and
ion exchange) for adjustment of SAR, and freeze-thaw evaporation for desalination. 3) The
“emerging technologies” include unit processes that have been piloted or are in the
experimental stage of development. This category includes a robust attached film
biological process that can tolerate elevated salinities, reverse osmosis, and electrodialysis
for demineralization of PW and chemically enhanced ultrafiltration for improved removal
of soluble oils [13].
Treatment options for PW can differ in their inherent facility requirements, capital cost,
operation expense, and waste streams; all these factors can be important to the O&G
operators[17]. This section discusses various PW technologies and their application to
fulfill the treatment objectives described above.
Packed Bed Adsorption:
Adsorption is a widely accepted technology for the removal of dissolved organic
carbon from PW. Adsorption columns are packed with porous solid material known as
adsorbent. Activated carbon, nutshell media, and modified organoclay are some of the
adsorbents used for the treatment of PW. During adsorption, hydrocarbons present in
produced water attach to and are retained on the surface of the adsorbent of the porous
structure. Highly porous adsorbents with higher surface areas provide better performance.
Nearly 100% PW recovery and 85% removal of heavy metals can be accomplished through
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the adsorption process[14]. The major concern associated with adsorption is the
requirement of retention time which limits the throughput capacity[17].
Decomposition in Constructed wetland
Constructed wetlands as an alternative to PW reinjection or discharge, acting as a
biofilter with three major characteristics, hydrosoil (sediment), vegetation, and
hydroperiod (hydraulic retention time_HTR), have been utilized to transfer and transform
the constituents in PW. [17][20][21][22]. Since the compositions of PW vary site by site,
applying the constructed wetlands needs to be site-specific [20]. The treatment method has
removed the COD from many PWs effectively [23]
Ion Exchange:
Ion exchange (IX) is a widely used technology in different industries for various
purposes including wastewater treatment. IX involves reversible chemical reactions
wherein positively or negatively charged ions present in the water are replaced by similarly
charged ions present within the IX resin. The resins immersed in the water are either
naturally occurring inorganic zeolites or synthetically produced organic resins. When the
replacement ions on the resin are exhausted, the resin is recharged with more replacement
ions[17]. This technology has been applied to treat PW with a TDS range of 500-7000
mg/L. The efficiency of the process depends on the quality of feed water and IX resins[24].
One of the disadvantages of this technology is high sensitivity to fouling; thus, pretreatment is essential to remove SS, scaling minerals, and oxidized metals. The technology
also requires chemical consumption for resin regeneration and disinfection. The
operational and chemical cost is high and accounts for more than 70% of the overall cost,
and the energy requirements are low with this technology [17][24].
Pressure Driven Membrane Separation Technologies:
Membrane separation methods including microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO) utilize a high hydraulic pressure across the
membranes to accomplish separate contaminants from aqueous streams. These
technologies are common techniques for water purification. MF, UF, and NF are based on
the principle of rejection of constituents with a size larger than the pore size of the
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membrane. RO uses an operating pressure higher than the osmotic pressure of salt present
in the water to drive water through the membrane, thereby rejecting the salts. It is a reversal
of the osmosis process where water flows from a higher concentration solution to a lower
concentration solution [17]. MF is used for the separation of suspended particles with an
average molecular weight of >400kDa In comparison with the traditional separation
methods, UF is one of the most effective methods for the treatment of oily wastewater
because of its high oil removal efficiency. There is no necessity for chemical additives,
energy costs are low, and space requirements are small[12]. NF membranes are generally
designed to be selective for multivalent ions rather than for monovalent ions. RO
membranes are designed to reject all constituents other than water. They are unable to offer
a significant barrier to dissolved gases and certain low-molecular-weight organic
molecules[12]. A common problem associated with membrane technologies is membrane
fouling. Pre-treatment of feed water, the higher flow rate through the membrane module to
produce enough shears near the membrane, and the vibrating membrane mechanism are
some of the strategies to avoid membrane fouling caused by free oils and scaling
agents[17]. The potential for membrane processes to treat PW has been successfully
demonstrated in various field studies. The treatment trains are either a combination of
different membrane processes (e.g., MF or UF + RO) or in combination with other
conventional water treatment technologies such as media filtration or clarification[16].
Electrodialysis (ED):
Electrodialysis (ED) and electrodialysis reversal (EDR) are both separation
processes that are driven by electrochemical forces and are used for the treatment of
brackish water, seawater desalination, and wastewater reclamation, as well as being tested
for the treatment of PW at the laboratory scale[14][25]. In these processes, membranes that
allow either cations or anions (but not both) to pass are placed between a pair of electrodes.
These membranes are arranged alternately; diluted and concentrated streams are produced
between the membranes as the migration ions intersect the selectively permeable
membrane[12][13]. Compared to RO desalination this process requires less energy since
the operating pressure is low. It can reduce the concentration of salt to <200 mg/L and
usually is used for PW with a low TDS concentration. While there have been many tests
of RO on PWs, very little attention has been paid to the capability of the “other”
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desalinization process of electrodialysis, especially as applied to the treatment of PWs.
There is, however, long-standing operational success with this process in other industrial
and municipal applications. The main advantages of this technology include withstanding
harsh conditions, a long membrane lifetime (4-5 years), and no need for special
infrastructure. On the other hand, the drawbacks of this technology include its limited
ability to remove non-ionic constituents such as organic molecules, membrane fouling,
relatively high cost, and periodic disposal of concentrate[14]. This approach may be
appropriate for the reclamation of PWs with a relatively low TDS concentration but is
unlikely to be cost-effective for the treatment of concentrated PWs[12].
Electrochemical Technologies:
Electrochemical technology is an innovative water treatment technology that
involves the exposure of water, and natural salts, to a substantial electrical potential
difference. As an anode (+) and a cathode (-) are placed in pure water and a direct current
is applied, electrolysis of water occurs at the electrodes leading to the breakdown of water
into its constituent elements. If sodium chloride (NaCI), or table salt is used as a solution,
the dominant electrolysis end product is hypochlorite and sodium hydroxide. With this
technology, natural water chemistry is used to produce highly effective chemicals for water
treatment purposes[17]. Although this process has been used widely in the treatment of
various wastewater types, it is rarely used for the treatment of PW. This technique was
suggested by Igunnu et al [24] as the future PW treatment technology (Figure 1-2). The
advantage of this technology over other treatment technologies is that it is a low-cost green
technology. Furthermore, it can remove organic materials efficiently, can produce and save
energy, and help to recover valuable materials from PW without negatively affecting the
environment. This can be achieved through harmonizing various electrochemical
techniques such as water electrolysis, fuel cell, electrodeposition, and photoelectrochemistry

which

includes

photoelectrolysis,

electrocatalysis into one electrochemical process[14][24].
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Figure 1-2. Flow diagram of an electrochemical pilot-scale plant[24]
Evaporation:
The principle of this technique is to provide latent heat to the feed water to generate
vapor which can be condensed into pure water form. The remaining stream contains a high
concentration of salts and solids. Evaporation eliminates traditional physical and chemical
treatments so no chemical sludge is produced, and costs of waste and life cycle are
lowered[17]. However, water volume in this technology may be lost due to evaporation,
and waste disposal is also required. This technology is often employed for PW at full scale
and applies to any kind of PW[24].
Freeze-Thaw Evaporation:
Freeze-thaw evaporation (FTE) developed in 1992 is a mature and robust
technology to treat produced water [24]. This method combines the natural processes of
freezing, thawing, and evaporation to provide driving forces for the demineralization of
PW. Naturally, salts and other dissolved constituents in PW lower its freezing point below
32F. Cooling down the PW below 32F but not below its freezing point results in the
formation of pure ice crystal and an unfrozen solution. The unfrozen solution with a high
concentration of dissolved constituents is drained from the ice. To obtain demineralized
water, the ice can be collected and melted [17][24] The recovery of this process is 50%
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during winter and can remove over 90% of heavy metals, TDS, SS, volatile and semivolatile organics, and total recoverable petroleum hydrocarbons in PW. [24].
The FTE is an easy process to operate and monitor and has a life expectancy of ~20
years. The disadvantage associated with FTE which limits its application is that it can only
be used in places that have a substantial number of days with temperatures below freezing
and usually need a significant amount of land. The process also generates a high amount
of concentrated brine and oil which needs disposal[24]
Chemical precipitation
Chemical precipitation is considered one of the conventional treatment methods for
PW. Flocculants and coagulants which are mainly comprised of inorganic metals such as
iron, magnesium, and aluminum polymers are usually used in the chemical treatment
process and they were found to be effective in removing suspended solids. Other studies
removed particulate metals, phosphorous and carbonaceous compounds by applying
flocculants such as ferric chloride (FeCl3) and anionic polymer in ballasted flocculation
units, however, these flocculants were found to be less efficient for the removal of
hydrophilic compounds and nitrogen[14]. Studies reported that the addition of coagulation
chemicals can remove almost 95% of suspended solids and oil from PW[14]. Softening
treatment in which alkaline chemicals such as lime are added to remove hardness is also
considered a chemical precipitation process. This process typically requires less power and
less pre-treatment than membrane technologies[12]. However, chemical consumption,
sludge production, and the need for post-treatment are disadvantages associated with this
approach[17].
Chemical oxidation
Chemical oxidation is a mature and reliable method for the removal of COD, BOD,
organic, and some inorganic compounds present in PW. It applies to all types of PWs
irrespective of TDS and salt concentration[24]. Free electrons can't be present in solution,
therefore, this treatment process depends on the reactions of oxidation and reduction as
they occur together in the water matrix[14]. Strong oxidants and catalysts can be used for
decomposing the organic impurities present in the PW. Generally, multiple pollutants can
be broken down by using several oxidants such as chlorine, ozone, peroxide, and oxygen.
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Advanced oxidation processes (AOPs) are considered a recent development in the water
treatment field and an effective solution for quickly oxidizing organic pollutants through
the addition of oxidants or a mixture of oxidants for an in-situ generation. reactive radical
species such as hydroxyl radical (•OH). [14].
The main advantages of this treatment process are the minimal requirement of
equipment, zero waste generation, no need for any pre-treatment process, and almost
100% water recovery [24]. However, the main drawbacks are; high chemical and
maintenance costs, regular calibration of the chemical pump, and formation of disinfection
byproducts through the process that cannot be easily removed[14].
Biological Treatment process
One of the least expensive treatment processes for the removal of pollutants is
biological treatment processes in which either aerobic or anaerobic conditions are
maintained. Furthermore, algae, fungi, and bacteria of 0.2-10μm size which are generally
present in PW can be utilized for treatment as these microorganisms can use the pollutants
as a nutrient source for growth. Several different processes and technologies like
sequencing batch reactors and biological aerated filters can be used for the biological
treatment of PW. This process is most effective in feed water with COD < 400 mg/L, BOD
< 50 mg/L, oil level < 60 mg/L, and concentration of chloride < 6600 mg/L. One of the
major disadvantages of biological treatment is the generation of a large quantity of
biological sludge, which requires further treatment, and relatively lower efficiency and
longer contact time than chemical methods. Another drawback is the stationary
infrastructure of the common biological processes which needs long assembly and
operation time[14].
1.2.2

Blowdown Water Treatment Technologies

Water evaporation in the cooling tower concentrates dissolved solids including
hardness ions (e.g., Ca, Mg), and silica (Si(OH)4) which are the most problematic scale
forming species in the cooling water[7]. These solids when their concentration exceeds the
maximum allowed concentration can form scales on the heat transfer surface. Thus,
continuous drain and replacement of freshwater for a small portion of water circulating in
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the cooling tower loop is required[26]. Blowdown water is the disposal of water in the
cooling towers with a high concentration of scale-forming cations and dissolved silica.
Commonly used methods for blowdown water treatment are (electro)coagulation and
membrane technologies such as nanofiltration (NF), reverse osmosis (RO), and membrane
distillation (MD).
Electro(coagulation):
Coagulation is a conventional treatment process in which coagulating agents such
as ferric chloride (FeCl3) or alum (Al2(SO4)3·12(H2O) are added to the water. The addition
of ferric and aluminum salts results in the formation of ferric and aluminum hydroxide
precipitates. These precipitates can act as adsorbents and complexing agents and remove a
wide range of organic and inorganic contaminants from the water [7]. When coagulating
agents are added to the water through an electrochemical reaction, the process is referred
to as electrocoagulation (EC). EC adds Fe2+ or Al3+ to water via the sacrificial dissolution
of iron or aluminum anodes. Subsequent oxidation of Fe2+ by dissolved oxygen then
produces a Fe3+ coagulating agent. EC has been applied to treat cooling tower blowdown
water with different types of electrodes[7][27][26]. Al-electrode was shown to remove
scale-forming species from BD water more efficiently than Zn and Fe electrodes[26]. It
was reported that magnesium-rod electrodes under optimized conditions removed total
hardness and silica by 51.8% and 93.7%, respectively [27].
EC offers two advantages over chemical coagulation. The use of chemical
coagulants causes unwanted addition of anion along with the metal cations that form
precipitates. In contrast, EC introduces Fe2+ or Al3+ without the concomitant addition of
anions to the water. Additionally, the chemical precipitation of Fe(OH)3 or Al(OH)3 results
in a decline in solution pH values. This pH decline is counterbalanced by the cathode
reactions of hydrogen evolution and oxygen reduction that remove protons from the
solution[7].
Membrane technologies
Due to the significant concentration of organic carbons (OCs) in the BD water
which comes primarily from conditioning chemicals, the performance of standalone
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membrane technologies is hindered[28]. Thus, membrane technologies are usually
combined with a pre-treatment to remove OCs to improve their performance. Studies that
applied membrane technologies for the treatment of BD water are summarized below.
Membrane Distillation:
Membrane distillation (MD) combines the use of thermal distillation and membrane
separation. Its fundamental separation mechanism is based on the vapor-liquid equilibrium
theory. A hydrophobic microporous membrane supports the MD desalination process. The
driving force for mass transport in MD derives from the temperature difference across the
membrane, which results in vapor pressure difference[1]. The advantage of using MD for
cooling water treatment is the presence of waste heat. Whereas RO and ED use electricity
to create a driving force, MD uses (waste) heat as a driving force. This results in a reduction
of required cooling capacity by cooling towers, thus reducing the need for more make-up
water intake, costs, and GHG emissions[6]. Although MD is also a membrane process, due
to low pressure, the high temperature of the membrane, and the hydrophobic nature of the
membranes, fouling is less than in other membrane desalination technologies[6]. However,
scaling and fouling still are obstacles to its application in water recovery from BD water
and pre-treatment is important for MD’s applications[1]
Reverse osmosis (RO), Nanofiltration (NF), Ultrafiltration (UF):
In addition to membrane distillation, other pressure-driven membrane separation
technologies have been also used for (pre)treatment of cooling tower blowdown water. A
combination of UF or coagulation filtration before RO or NF was reported as an
appropriate treatment process for BD water[5]. In another study, 0.1 µm MF and 0.03 µm
UF were used as a pre-treatment of BD water before RO treatment. Both MF and UF
produced permeate with high and consistent quality that met the requirements of the reverse
osmosis (RO) system[10]. Powdered activated carbon (PAC) adsorption has also been used
as a pre-treatment of BD before RO desalination. PAC adsorption coupled with UF was
found to be the most suitable process combination to improve RO performance in
comparison

to

UF

alone

and

coagulation/UF

combination[3]

.Steps

of

coagulation/flocculation, sand filtration, and sorption with GAC, and combinations of
these processes as a pre-treatment method for BD water before RO desalination showed
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that the best results were obtained through coupling coagulation/flocculation with sand
filtration.
In a pilot study, sidestream cooling tower treatment using membrane resulted in a
16% and 49% reduction in make-up water and discharge, respectively. The treatment
showed that silica scaling on the membranes limited water savings[29]. Side-stream
softening using the lime-soda softening process was also conducted to reduce BD water
discharge to the environment. This treatment method is adaptable to most water supplies,
but it is most suitable for make-up waters that are not high in chlorides or dissolved solids
concentration. The major problems facing the sidestream softening concept are drift losses
and sludge disposal[8].
In addition to electro(coagulation) and membrane technologies, other methods were
applied less frequently for pre-treatment of BD water. As a BD water pre-treatment, a
combination of electrochemical oxidation (EO) with a boron-doped diamond (BDD) or
mixed-metal oxide (MMO) and vertical-flow constructed wetlands (VFCWs) was
evaluated[28]. Constructed wetlands are man-made wetland systems that remove
contaminants from wastewater through simultaneous various biological, chemical, and
physical removal mechanisms. However, due to some limiting factors such as OCs in BD
water which can cause toxic effects on the microbial communities that are responsible for
the degradation of OCs, it was combined with EO. During EO, hydroxide radical (•OH)
and reactive chlorine species (RCSs) were generated on the surface of an anode through
applied electrical energy which subsequently oxidizes OCs. In the first scenario in which
VFCW was followed by EO, specific conditioning chemicals such as benzotriazole were
removed from BD water by VFCW. However, bulk OCs consisting of recalcitrant humic
substances were not removed effectively. While further EO increased OCs removal, toxic
by-products were generated in this scenario. In the second scenario in which EO of BD
water was followed by VFCW, toxic by-products caused the death of plants in constructed
wetland but a reduction in the toxicity of the combined effluent was observed [28].
Silica in the forms of reactive and colloidal is the major contaminant of BD water
and without proper treatment, it causes scales and tenacious deposits on the different
components of cooling towers [30]. A 3-liter attached biofilm reactor, inoculated with
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enriched diatom consortium was utilized to remove silica and biogenic silica production
from BD water. Diatom is an organism belonging to the class of microalgae whose cell
wall structure is known to be made of silica, thus they consume aqua silica for replication
and growth. The treatment process resulted in 66.8% and 83.1% reactive and colloidal
silica removal respectively. In addition, 91.8% total dissolved phosphorous, 69.6% nitrate
nitrogen, 48.4% chemical oxygen demand, and 15.4% total dissolved solids removal were
achieved [30].
Adsorption using polyaniline-modified TiO2 (PANI/TiO2) sorbent was utilized for
removing organic and phosphorous from BD water. At the sorbent dosage of 1.5 g/L, 58%
and 90% removal of COD and phosphorous were achieved respectively, and above this
dosage the improvement was minor. PANI/TiO2 exhibited superior adsorption capacity and
regeneration ability compared to ion exchange and TiO2. In this study, desorption eluate
from the adsorbent regeneration step was treated using electrocatalytic oxidation with
Ti/PbO2 as anode material to increase its biodegradability for further biological treatment.
After 4.8 h of oxidation, the BOD5/COD ratio increased and reached 0.4 implying that the
waste was much more biodegradable compared to before the treatment (0.08) [31].
1.2.3

Co-treatment of wastewaters

Co-treatment of different wastewaters has been evaluated in several studies
[32][33][34]. The most frequent is related to co-treatment of acid mine drainage (AMD)
with other waste streams[35] including municipal wastewater by dual-chamber microbial
fuel cells[36] and shale gas flowback water for reuse in hydraulic fracturing [37]. In the
latter study, the co-treatment was conducted by taking advantage of the complimentary
chemistry of the two streams. Specifically, Fe3+ in the AMD served as a coagulant to
enhance the removal of suspended solids and the concentration of total iron was reduced
to a desirable level. The generated sludge in this process (i.e., barite) also incorporated over
99% of radium in flowback water to control the fate of naturally occurring radioactive
materials (NORM). The co-treatment of hydraulic fracturing PW with municipal
wastewater using a moving-bed biofilm reactor [37] and residential wastewater using a
hybrid sequencing batch reactor-membrane bioreactor process [38] were also studied. To
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our knowledge, no study on co-treatment of BD water with PW or other sources of the
waste stream has been reported.

1.3 Research Objectives
The overarching goal of this research is to develop a BD water and PW co-treatment
process to manage two wastewaters with minimum chemical and energy footprints while
maximizing water reuse and saleable by-product generation. The following research
objectives are pursued to achieve the research goal:
Objective 1: Evaluate the technical feasibility of co-treatment of BD water and
PW. Specific measures of technical feasibility to be evaluated include removal efficiencies
of targeted constituents, chemical and energy demands, and generation rate of useful
products.
Objective 2: Develop and test brine electrolysis using concentrated streams from
the co-treatment process. Specific measures include quantifying sodium hydroxide and
chlorine production rates and coulombic efficiencies from the electrolysis of RO reject
and/or concentrated stream from thermal desalination.
Objective 3: Conduct a techno-economic analysis on implementing the cotreatment technology at a real-world scale to assess the process economics.
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2

Co-treatment of Blowdown Water and Produced Water

Research Objective: development of a co-treatment process and evaluate its feasibility of targeted
contaminants removal, treatment footprint reduction, and useful products generation

2.1 Introduction
Marcellus shale in the Appalachian Basin is one of the largest unconventional gas
reservoirs in the U.S which is estimated to contain 7.42 to 14.2 trillion m3 of natural gas [37].
Extraction of this source of energy has significant environmental ramifications including the
generation of significant volumes of wastewater known as produced water from the gas production
wells. PW contains various organic and inorganic components including dissolved and dispersed
oil, grease, heavy metals, radioactive materials, treating chemicals, formation solids, dissolved
gases, scale products, waxes, microorganisms, dissolved oxygen, and is characterized notably by
extremely high salinity [24] [37][39][40].
The proximity of BD water and PW in the region offers opportunities for developing novel
co-treatment technologies as a sustainable approach to managing these wastewaters. In particular,
introducing PW into BD water treatment to take advantage of their complimentary chemistries can
have multifaceted benefits including resource recovery (e.g., water and useful byproducts), and
reduced energy and chemical footprints while mitigating the impacts of these wastewaters (Figure
2-1). Specifically, BD water contains sulfate and carbonate which are chemicals that are commonly
used to treat PW. Both constituents could form chemical precipitation with scale-forming cation
in PW (e.g., Ca2+, Ba2+, Sr2+) and alleviate the treatment burden of the downstream membrane
process. The high salt content of PW can increase the total dissolved solids (TDS) concentration
of the feed stream to BD water RO treatment. This will allow the operation of RO at a higher TDS
level and generation of RO reject with a high TDS concentration that can be more economically
concentrated by downstream thermal desalination to 10-lb brine as a saleable by-product. The RO
permeate water can be reused as makeup water for the cooling operation of power plants. This
treatment approach also provides a novel way of managing PW, which otherwise requires
treatment and disposal.
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Figure 2-1. Modular process for co-treatment of produced water and blowdown water
This part of the Ph.D. research examined the feasibility of PW and BD water co-treatment
to maximize water recovery and production of concentrated brine as a saleable product (10-lb
brine) while reducing the chemical and energy footprints of treating the two waste streams. The
treatment process consisted of softening, activated carbon (AC) filtration, and RO desalination
followed by thermal desalination for 10-lb brine production (Figure 2-2). The softening unit was
designed for removing scale-forming cations to prevent membrane fouling in the downstream RO
unit. The AC filtration was utilized primarily for the removal of organic matters. The RO
desalination was operated to generate product water (i.e., RO permeate) for reuse in cooling
operation and a concentrated stream to be fed into thermal desalination to produce 10-lb brine.
This study focused on designing, testing, and integrating the first three treatment units (i.e.,
softening, AC filtration, and RO).
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Figure 2-2. Three-staged combined treatment of BD-PW mixture.

2.2 Materials and Methods
2.2.1 Characteristics of Blowdown and Produced Water
Blowdown water samples were collected from Longview thermoelectric power plant in
West Virginia (WV) and produced water was collected from the shale gas production wells in the
Industrial Park near Morgantown, WV. All samples were taken between Jan-May 2021 and were
analyzed as received to characterize their physical and chemical characteristics (Table 1).
Table 1. Physical and chemical characteristics of the blowdown and produced waters.
Parameters

Blowdown water

Produced water

8.0
2.0
23
89
980
30
160
170
53
1.0
2.0
<0.01
<0.001
<0.001

5.7
230
13
17
<0.01
16
113,000
13,800
1600
9200
4100
80
<0.001
<0.001

pH
Total Dissolved Solids (TDS, g/L)
Total organic carbon (TOC, mg/L)
Alkalinity (mg/L as CaCO3)
Sulfate (SO42-, mg/L)
Silica (SiO2, mg/L)
Chloride (Clˉ, mg/L)
Calcium (Ca2+, mg/L)
Magnesium (Mg2+, mg/L)
Barium (Ba2+, mg/L)
Strontium (Sr2+, mg/L)
Total Iron (mg/L)
Aluminum (Al2+, mg/L)
Manganese (Mn2+, mg/L)

The initial TDS concentration of the produced water was 230 g/L corresponding to the
osmotic pressure of 2,500 psi which was significantly higher than the maximum allowed driving
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pressure of the RO system (67 bar, 1000 psi) in this study. A range of volumetric mixing ratios of
the two waters was examined: 2:1, 5:1, and 10:1 which resulted in osmotic pressures of 65.5 bar
(950 psi), 31 bar (450 psi), and 17.2 bar (250 psi), respectively. For the RO treatment to work, the
applied pressure needs to be at least two times the osmotic pressure [41]. Thus, in this study, the
two waters were mixed at the ratio of 10 to 1 (BD: PW). In the mixed solution, the sulfate content
in the BD water was high enough for the barium to precipitate as barium sulfate (BaSO4). However,
the alkalinities of the two streams were relatively lower compared to the concentration of the levels
of calcium. Thus, a source of carbonate supply was needed for the precipitation of calcium as
CaCO3 in the softening unit.
2.2.2 Treatment layouts
To evaluate the efficiency and quantify the benefits of the co-treatment approach, two
different treatment configurations were studied. In the first configuration (Figure 2-3 A) blowdown
water and produced water was mixed at a volumetric ratio of BD: PW =10:1 and the mixed solution
was treated in the softening and AC units before the RO desalination. In the second configuration
(Figure 2-3 B), BD water alone was treated through the three treatment units and the RO-rejected
stream was then mixed with PW before the thermal desalination. The two treatment configurations
were evaluated in this chapter and an economic comparison was conducted in chapter 4.
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Figure 2-3. Treatment process configuration for A) PW-BD co-treatment and B) BD water alone.
2.2.3 Softening
The BD and PW were first mixed at the ratio of 10:1 (BD: PW) without any chemical
additives to form and separate barium sulfate precipitates. To remove other divalent ions,
concentrated sodium hydroxide (NaOH, 5M) was used to raise the pH of the BD/PW mixtures to
pH12 and sodium carbonate (Na2CO3, 99.8%) as carbonate alkalinity was added at a molar
concentration equal to the total hardness of the mixtures. The total hardness of the sample was
estimated as the total of major multi-valent cations including calcium, magnesium, barium,
strontium, and iron. The unit consisted of a 35-gallon tank where alkaline chemicals were added
for softening the waters. The mixture was rapidly mixed for 5 minutes, followed by 1 hour of slow
mixing. After overnight settling, the supernatant was siphoned to a 20-gallon tank, and the sludge
was removed from the mixing reactor for further analysis and disposal. (Figure 2-4).
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Figure 2-4. Softening unit on the lab-scale
2.2.4 Activated Carbon Filtration
Two different activated carbon (AC) filtration systems for batch and continuous operation
were set up for the removal of organic matters. The system for batch operation consisted of five
filters (Thermo Scientific Barnstead Organic Removal Cartridge, D0813, 17.5 × 3.4 in, Figure
2-5A) and the softened water was circulated from the supernatant tank into the AC system using a
hydraulic pump (Danfoss, APP 2.2). The flow rate was adjusted to 0.35 L/min to provide a
retention time of approximately 10 minutes required for reducing the total organic carbon (TOC)
concentration of the solution to less than 3 mg/L. This retention time was obtained from
preliminary experiments and TOC less than 3 mg/L was one of the criteria for RO feed water.
For the continuous operation, the system was scaled up and designed based on the 10minutes retention time and a maximum flow rate of 2 L/min. The scaled-up system consisted of
four PVC pipes (4 ft ⨯ 4 in) filled with granular activated carbon (Figure 2-5 B). In each
experiment, the water flow rate was adjusted to be the same as the initial flow rate of RO permeate
water. As will be discussed in the next section, the RO permeate flow rate slightly decreased during
the operation however the flow rate to the RO was kept constant.
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Figure 2-5. Activated carbon filtration system for (A) batch and (B) continuous water treatment.
2.2.5 Reverse Osmosis Desalination
A lab-scale cross-flow RO unit was used for all membrane separation experiments to
recover water and concentrate TDS (Figure 2-6). A commercial high rejection seawater RO
desalination (SWRO) membrane (Applied Membrane, Inc, Model No. M-S2514A) was used. The
membrane had the following specifications: maximum operating pressure, 69 bar (1000 psi);
maximum operating temperature, 45°C; feedwater pH range, 2-11; continuous operation;
maximum feed silt density index (SDI), 5; zero chlorine tolerance; minimum salt rejection, 99.2%;
stabilized salt rejection, 99.6%; single element recovery, 2%; and maximum feed flow rate, 1.36
m3/hr (6 gpm). The above benchmark values are based on the following condition: 32,000 mg/L
sodium chloride, 55.2 bar (800 psi), 25°C, and pH 8. The RO system consisted of a high-pressure
pump (Pentair Hypro 2220B-P) which was spinning at 1725 rpm (feedwater flowrate was around
7.9 L/min), cartridge filter, pressure relief valve, membrane cell, membrane cell holder, highpressure concentrate control valve, pressure indicator, feed tank, permeate collection tank, and
connections/tubings. Water temperature in the feed was kept below 30 °C by circulating the water
through a spiral stainless-steel tubing placed in a bucket of ice water before entering the RO feed
tank. The RO treatment was operated in a recirculating mode in which the concentrate stream was
returned to the feed tank and permeate water was collected in a separate tank. The TDS
concentration in the feed tank gradually increased during the operation because of the
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concentration effect and decrease in the volume of the feed tank. The required pressure in the
membrane cell was adjusted by the concentrate control valve. Membrane operating pressures
tested in this study were 34.5 bar (500 psi), 48 bar (700 psi), and 62 bar (900 psi). Between
experiments, the membrane was rinsed by circulating distilled water for one hour, three times. In
addition, warm acidic distilled water (pH = 2, T = 40°C) was circulated through the system for one
hour followed by a one-hour circulation of warm distilled water (T = 40°C) to remove any scales
from the membrane when needed. Both batch and continuous modes of treatment operation were
employed in this study. In the batch mode, 70 liters of pre-treated water after softening and AC
filtration was stored in the feed tank and fed to the RO unit at a flow rate of ~ 2 GPM. In the
continuous operation, the water with an initial volume of 70 liters was treated in softening unit and
the supernatant was treated through the AC filtration system and continuously fed into the RO feed
tank at the same flowrate as RO permeate water. During the RO operation, the concentrate stream
was recirculated to the feed tank, and the permeate stream was collected in the permeate tank. The
conductivity and pH of the feed water were measured every 5 min. At the end of the operation, the
final conductivity, pH, and volumes of the concentrate and permeate waters were measured. The
duration of each RO test in batch and continuous operations were different with different applied
pressure.
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Figure 2-6. (A) Lab-scale RO system and (B) schematic of the RO system.
2.2.6 Analytical Methods
All chemicals used in the analyses were analytical grade and chemical concentrations were
measured following the Standard Methods [42]. Cations were measured using atomic absorption
spectroscopy (AAS) (Model 3100, PerkinElmer). Total organic carbon (TOC) was measured with
a TOC analyzer (Shimadzu TOC-L). The morphology of the precipitated materials was
characterized by scanning electron microscopy (SEM, Hitachi, S-4700) and the chemical
composition was analyzed by energy dispersive spectroscopy (EDS, PV7746/58 ME, EDAX Inc.,
Mahwah, NJ, USA) with excitation energy set at 20 kV. The sludge samples were coated with gold
under vacuum in a sputter coater (SPI-moduleTM sputter, SPI Supply, West Chester, PA, USA)
before the SEM/EDS analysis.
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2.3 Results and Discussion
Results of BD/PW co-treatment and BD water treatment in the softening, AC filter, and
RO units, for both batch and continuous operations, are provided in this section (Figure 2-7).

Figure 2-7. Treatment units used for (A) batch and (B) continuous treatment.
2.3.1

Softening

Softening in the first treatment configuration was conducted by mixing BD water with PW
at a volumetric ratio of 10 to 1. Due to the high sulfate concentration of BD water, mixing two
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wastewater streams without any chemical addition resulted in 70% sulfate and more than 90%
barium removal as barium sulfate precipitates. The addition of alkaline chemicals achieved >90%
of Ca, Mg, Ba, Sr, and Fe removal. This finding was supported by SEM/EDS analysis of the solids
that showed precipitated materials from BD/PW mixing were mainly BaSO4 and SrSO4 (Figure
2-8 A and Figure 2-9 A) and after the addition of alkaline chemicals to the mixture, other
precipitate materials, mainly CaCO3 and Mg(OH)2 were observed (Figure 2-8 B and Figure 2-9
B).
The results of softening treatment for both treatment configurations are summarized in
Table 2 and Table 3.

Figure 2-8. SEM microscope images of precipitated materials from (A) mixing the blowdown
and produced waters and (B) from alkaline chemical treatment.
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Figure 2-9. EDS spectra of precipitated materials from (A) mixing the blowdown and produced
waters and (B) from alkaline chemical treatment.

Table 2. Characteristics of BD/PW mixture after softening and AC filtration
Parameters
pH
TDS (gr/L)
TOC (mg/L)
Sulfate (mg/L)
Silica (SiO2, mg/L)
Calcium (Ca2+, mg/L)
Magnesium (Mg2+, mg/L)
Barium (Ba2+, mg/L)
Strontium (Sr2+, mg/L)
Total iron (mg/L)

BD: PW mixing

After softening

7.3
21.6
16.5
408
5.4
1600
224
0.78 (100%)
332
9.5

~12
25.5
15.0
470
2.6
3.0 (100%)
<0.001 (100%)
0.62 (20%)
4.25 (98.7%)
0.11 (99%)
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After activated carbon
10. 5
22.3
1.5(90%)
430
7.7
1.0 (67%)
<0.001(NA)
0.01 (98%)
0.15 (96%)
0.09 (18%)

Table 3. Characteristics of BD water after softening and AC filtration
Parameters

BD water (Initial)

After Softening

After Activated Carbon

8.0
2.0
23
170
53.5
1.0
2.0
<0.01

~12
2.6
20
3.0
0.08
<0.01
0.3
<0.01

10.5
2.3
1.0
<0.001
<0.01
<0.01
<0.01
<0.01

pH
TDS (gr/L)
TOC (mg/L)
Calcium (Ca2+, mg/L)
Magnesium (Mg2+, mg/L)
Barium (Ba2+, mg/L)
Strontium (Sr2+, mg/L)
Total iron (mg/L)

2.3.2 Activated Carbon Filtration
While softening unit resulted in >90% scale-forming cations removal, it was not effective
in the removal of organic matters (
Table 2 and Table 3). The AC filtration systems in batch and continuous operation
decreased the TOC of the water to less than 3 mg/L which met the RO requirement. The AC
filtration also reduced the residual calcium, barium, and strontium by 70%, 98%, and 96%,
respectively. Similar results were obtained with BD water treatment (
Table 2 and Table 3).
2.3.3 Reverse Osmosis Desalination
Batch Mode (BD/PW mixture)
For the batch treatment experiments, the BD/PW and BD alone pre-treated in softening
and activated carbon units were kept in a reservoir before being fed to the RO system. In all
experiments, the initial volume of the pre-treated water was ~70 L. The effects of applied pressure
and initial pH of the feed water on water recovery and salt rejection were studied. Figure 2-10
shows how TDS increased during the RO treatment of the BD/PW mixture under different applied
pressures. The initial TDS of the mixture was ~17 g/L corresponding to the osmotic pressure of
200 psi and an initial pH of ~ 10.5. As the applied pressure increased, the difference between
hydrostatic pressure and osmotic pressure increased. This pressure difference across the membrane
is the driving force for the water to move against the natural direction of the osmosis [41]. As the
applied pressure increased, the final TDS concentration of the rejected water (Figure 2-10), as well
as the flow rate of permeate water increased (Figure 2-11). Similarly, the TDS of permeate water
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increased as applied pressure increased due to increased salinity at the membrane surface which
resulted in an increase in salt transport through the membrane[41]. The salt rejection (Rs) which
is a measure of overall membrane system performance and is calculated by Equation 1 [41], was
approximately 99% in all experiments (Table 4). However, the concentration factor (ratio of the
concentrate TDS to the feed TDS) increased as applied pressure increased and was ~ 3 under feed
pressure of 900 psi (Table 4).
𝑹𝒔 = (𝟏 −

𝑪𝒑𝒆𝒓𝒎𝒆𝒂𝒕
𝑪𝒇𝒆𝒆𝒅 +𝑪𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒆
(
)
𝟐

) ⨯ 𝟏𝟎𝟎

Equation 1

As the RO applied pressure and thus the pressure difference increased, the permeate water
flow rate and consequently the overall water recovery of the treatment increased (Table 4).
However, during the operation, the permeate flow gradually decreased as the salinity of the water
increased, and consequently, the cross-membrane pressure difference decreased. Also, it was
observed that the TDS concentration of the permeate water was higher under higher applied
pressure. This was attributed to the higher TDS concentration of concentrate water recirculated in
the system and thus increased salinity on the surface of the membrane which caused an increase
in salt transport through the membrane (Table 4).
RO treatment of BD/PW in batch mode continued till the permeate flow rate reached as
low as the flow rate of approximately 0.15 L/min. At this point, the rate of TDS increases in
rejected water slowed down significantly due to the high osmotic pressure of the water and a
significant decrease in pressure difference. It can be noted from Figure 2-10 that higher applied
pressure and thus higher-pressure difference led to the higher rate of TDS increase and shorter
operation time.

31

Figure 2-10. TDS concentration of feed water during RO desalination of BD/PW mixture under
applied pressures of 500, 700, and 900 psi.

Figure 2-11. Permeate flow rate during RO treatment of BD/PW mixture under applied pressures
of 500, 700, and 900 psi.
The water recovery by the RO system was calculated by dividing the final volume of the
permeate water by the initial volume of the feed water. In addition to the overall water recovery,
the water recovery during 100 mins and 60 minutes of operation under different applied pressure
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was calculated (Table 4). It should be mentioned that according to the literature, reverse osmosis
recovery varies from 35% to 85% depending on the feed water composition and salinity,
pretreatment, concentrate disposal options, and optimum energy design configuration. The
overall water of BD/PW treatment in batch mode under an applied pressure of 900 psi was 79%.
Table 4 also shows that due to higher water recovery at higher applied pressure the unit energy
consumption of the system (kWh/L of permeate water) was lower despite higher overall power
consumption (kW). At the end of the operation, the rejected and permeate waters were analyzed
for their main characteristics (

Table 5). The concentrations of chemicals in the permeate water were very low and ready
for reuse or discharge to surface waters.
Table 4. Salt rejection, concentration factor water recovery, and final TDS concentration of
permeate and rejected streams after RO treatment of BD/PW under different applied pressures.
Applied Pressure

BD/PW Mix

500 psi

700 psi

900 psi

28

45

58

Salt rejection

99%

99%

99%

Concentration factor

1.7

2.6

3.4

Operation time (min)

150

145

110

Water recovery

48%

71%

79%

Water recovery of 100-min operation

34%

59%

84%

Water recovery of 60-min operation

22%

40%

63%

Final permeate TDS concentration (g/L)

0.64

0.68

0.73

Power (Watt)

896

1128

1307

Unit energy consumption (kWh/L)

0.07

0.05

0.04

Unit energy consumption of 100-min operation (kWh/L)

0.06

0.05

0.04

Unit energy consumption of 60-min operation (kWh/L)

0.06

0.04

0.03

Final rejected TDS concentration (g/L)
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Table 5. Characteristics of permeate and rejected waters from the BD/PW RO treatment.
BD/PW

Permeate Water
500 psi 700 psi 900 psi

Ca (mg/L)
Mg (mg/L)
Ba (mg/L)
Sr (mg/L)
Fe (mg/L)
Si (mg/L)

<0.1
<0.04
<0.007
0.009
<0.06
0.2

<0.1
<0.04
<0.007
0.01
<0.06
0.16

<0.1
<0.04
<0.007
0.02
<0.06
0.19

4.1
<0.04
0.5
3.1
0.16
22.4

7.2
<0.04
0.9
5.7
0.19
27.0

4.3
0.07
0.2
2.9
0.12
47.6

0.65

0.45

0.80

3.1

3.5

5.0

TOC (mg/L)

Rejected Water
500 psi
700 psi
900 psi

Batch Mode (BD Water alone)
Similar to the BD/PW RO treatment, for BD water alone, the initial volume was ~70L and
the initial pH of the water was adjusted to ~10.5. Three different feed pressures (500, 700, and 900
psi) were applied as well to evaluate the treatment performance.
While the TDS concentration of the feed water for the BD/PW treatment seemed to level
off to a steady-state condition (Figure 2-10 and Figure 2-10), the treatment of BD water alone
showed a sharp increase in the TDS concentration (Figure 2-12). This is because the initial 25 psi
osmotic pressure of BD water was far below all the hydrostatic applied pressure and thus the crossmembrane pressure difference was high enough all the time during the operation for water
recovery. As feed pressure increased, the rate of TDS increment increased with a significantly
higher rate at the feed pressures of 900 and 700 psi compared to 500 psi.
In all of the RO experiments, the salt rejection was >99% and the concentration factor was
~ 5 under the applied pressure of 700 and 900 psi (Table 6).
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Figure 2-12. TDS concentration of feed water during RO treatment of BD water alone under
applied pressures of 500, 700, and 900 psi.
Due to the significantly higher applied pressures than the osmotic pressure of the water,
the permeate flow rate remained constant during the operation (Figure 2-13). Because of the
limited amount of water, the operation continued until the level of the rejected water in the feed
tank reached ~10 L. At this point, the volume of permeate water was ~ 60 L corresponding to 85%
water recovery. However, in the case of a large volume of water being available, the membrane
treatment of BD water can be pushed to the limit of the RO to generate a rejected water with a
TDS concentration of approximately ~40 g/L (~500 psi). Water recovery in all experiments was
85%. However, water recovery during the 60-min operation increased as the applied pressure
increased. The unit energy consumptions were in the range of 0.021-0.027 (kWh/L), which was
attributed to the significantly higher applied pressure than the osmotic pressure in all experiments
(Table 6). Similar to the BD/PW treatment, in the RO treatment of the BD water, the permeate
flow rate increased with the applied pressure, and consequently, the operation time decreased.
The analysis of permeate water at the end of the treatment showed that the concentration
of divalent ions and organic matters was negligible and permeate water was suitable for reuse.
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Figure 2-13. Permeate flow rate during RO treatment of BD water under the applied pressures of
500, 700, and 900 psi.
Table 6. Salt rejection, concentration factor, water recovery, and final TDS concentration
of permeate and rejected streams after RO treatment of BD water under different applied pressures.
Applied Pressure

BD water

500 psi

700 psi

900 psi

9

12

12

Salt rejection

99%

99%

99%

Concentration factor

3.7

5.4

5

Operation time (min)

105

75

66

Water recovery

85%

85%

85%

Water recovery of 60 min operation

46%

74%

85%

Final permeate TDS concentration (g/L)

0.04

0.04

0.034

Power (Watt)

890

1095

1340

Unit energy consumption (kWh/L)

0.028

0.023

0.025

Unit energy consumption of 60-min operation (kWh/L)

0.027

0.021

0.022

Final rejected TDS concentration (g/L)
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Table 7. Characteristics of permeate and rejected water of BD water RO treatment.
BD/PW

Permeate Water

Rejected Water

500 psi

700 psi

900 psi

500 psi

700 psi

900 psi

Ca (mg/L)

<0.112

0.2

<0.112

2.4

8.0

3.0

Mg (mg/L)

<0.04

<0.04

<0.04

0.1

0.7

0.1

Ba (mg/L)

<0.007

<0.007

<0.007

0.1

0.3

0.2

Sr (mg/L)

0.002

0.005

<0.002

1.1

4.7

1.8

Fe (mg/L)

<0.061

<0.061

<0.061

<0.061

0.143

0.068

Si (mg/L)

0.16

0.2

0.1

51

65

44

TOC (mg/L)

0.5

0.5

0.2

7.4

10

12

Impact of Initial pH
To study the effect of pH on the RO treatment, a set of experiments with initial pH of 8.5
and applied pressure of 900 psi was conducted to compare with the results of experiments with
initial pH of 10.5 under the pressure of 900 psi.
Significantly better results were achieved with an initial pH of 8.5 on the treatment of BD
water alone with a higher TDS concentration of the RO reject and permeate flow rate (Figure 2-16
and Figure 2-17). In the case of BD/PW co-treatment, the TDS concentration of the reject stream
was slightly higher at initial pH of 8.5 from time zero to 60 min however after that, the two pHs
tested did not show any significant difference in TDS of the RO reject (Figure 2-14). The effect of
initial pH on the permeate flow rate of BD/PW was also not consistent with BD water alone and
most of the time was higher at the pH of 10.5 (Figure 2-15). This difference may be attributed to
the different compositions of BD water and BD/PW mixture. There should be chemicals in BD
water alone that are not dominant in the BD/PW mixture which form precipitates on the surface of
the membrane at higher pH and affect the performance of RO desalination [43].
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Figure 2-14. TDS concentration of the rejected stream during BD/PW membrane treatment under
an applied pressure of 900 psi for initial pHs of 10.5 and 8.5.

Figure 2-15. Permeate flow rate during BD/PW RO treatment under an applied pressure of 900
psi for initial pHs of 10.5 and 8.5.
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Figure 2-16. TDS concentration of the rejected stream during BD water RO treatment under an
applied pressure of 900 psi for initial pHs of 10.5 and 8.5.

Figure 2-17. Permeate flow rate during BD water RO treatment under an applied pressure of 900
psi for initial pHs of 10.5 and 8.5.
Continuous mode (BD/PW mixture)
For the treatment of BD/PW in continuous treatment mode, 70 L of the softened water was
pumped to the AC filters and continuously fed into the RO system. The pump speed was adjusted
so that the flow rate of water to the RO feed tank was the same as the initial permeate water flow
rate. Despite the decrease in permeate water flow rate due to the increased TDS concentration of
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the recirculated RO concentrate during the treatment operation, the flow rate of recirculated water
to the feed tank was kept constant.
The continuous treatment experiments were only conducted under 700 and 900 psi. A
similar pattern as the batch mode was observed for the TDS concentration of the rejected stream
in the continuous treatment (Figure 2-18). The concentration of TDS increased at a higher rate at
the beginning of the operation and leveled off. Due to the continuous operation, the water level of
the AC effluent and RO reject in the feed tank remained relatively constant and the operation
continued until all the feed water was processed. Since the permeate water flow rates under 700
psi were lower than those under 900 psi, the adjusted flow rate to the feed tank was also lower and
consequently, the operation time was shorter compared to the experiment with 900 psi.
Contrary to the batch mode in which the TDS increment was significantly higher under
900 psi than 700 psi, the TDS concentration was almost the same under both pressures in the
continuous treatment operation. This is because in the batch mode the volume of feed water
decreased during the operation resulting in higher TDS concentrations under 900 psi than 700 psi.
In the continuous operation, however, the AC effluent was continuously fed into the feed tank
diluting the RO rejected water resulting in a lower TDS increasing rate than that found in the batch
operation. As expected, during the same operation time, water recovery under 900 psi was higher
than that under 700 psi (Table 8). Considering that the unit energy consumption and TDS
concentration were in the same range, continuous operation under 900 psi yielded an overall better
treatment performance. At the end of the operation, the permeate water had low concentrations of
Ca (0.3 mg/L), Mg (0.2 mg/L), Ba (<0.007 mg/L), and Sr (0.006 mg/L).
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Figure 2-18. TDS concentration of the rejected stream during RO treatment of BD/PW under
applied pressures of 700, and 900 psi in continuous treatment mode.

Figure 2-19. Permeate water flow rate during BD/PW RO treatment under the applied pressure
of 700, and 900 psi in continuous treatment mode.
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Table 8. Salt rejection, concentration factor water recovery, and final TDS concentration of
permeate and rejected streams after RO treatment of BD/PW in a continuous operation
BD/PW (Continuous mode)

Applied Pressure

Final rejected TDS concentration (g/L)

700 psi
38

900 psi
39

99%

99%

Concentration factor

2

2

Operation time (min)

140

90

Water Recovery

80%

66%

Water recovery of 90-min operation

57%

66%

Water recovery of 60-min operation

42%

47.5%

Final permeate TDS concentration (g/L)

0.6

0.7

Power (Watt)

1099

1268

Unit energy consumption (kWh/L)

0.046

0.041

Unit energy consumption of 90-min operation (kWh/L)

0.041

0.041

Unit energy consumption of 60-min operation (kWh/L)

0.037

0.038

Salt rejection

Continuous mode (BD alone)
Treatment of BD alone under the applied pressures of 700 and 900 psi was conducted in
continuous operation mode. Similar to the batch treatment operation, the TDS of the feed water
increased over time but at slower rates (Figure 2-20), and the permeate water flow rate remained
relatively constant during the operation except for a sudden decrease at 35 minutes (Figure 2-21).
While the unit energy consumption was the same under both applied pressures, the water recovery
was higher under 900 psi (Table 9). Analysis of permeate water showed 0.146 mg/L of Ca, 0.153
mg/L of Mg, <0.007 mg/L of Ba, and 0.007 mg/L of Sr.
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Figure 2-20. TDS concentration of the rejected stream during RO treatment of BD water under
700, and 900 psi in a continuous treatment operation.

Figure 2-21. Permeate water flow rate during RO treatment of BD water under 700, and 900 psi
in a continuous treatment operation.
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Table 9. Salt rejection, concentration factor water recovery, and final TDS concentration of
permeate and rejected streams after RO treatment of BD water in a continuous operation
BD water (Continuous mode)

Applied Pressure
700 psi

900 psi

Final rejected TDS concentration (g/L)

11.2

14.7

Salt rejection

99%

99%

Concentration factor

5.8

5

Operation time (min)

65

65

Water recovery of 65-min operation

85%

94%

Final permeate TDS concentration (g/L)

0.130

0.173

Power (Watt)

1069

1270

Unit energy consumption (kWh/L)

0.019

0.019

2.4 Theoretical vs measured amount of energy per volume of product water of
desalination unit.
The theoretical minimum work of separation by desalination process is the Gibbs free energy of
separation and can be calculated from Equation 2 [44]. Because the main goal of desalination in
most cases is to generate permeate water, the Gibbs free energy per volume of product water (∆gw)
was measured and normalized by the feed osmotic pressure (ℼ0). The equation is a function of salt
rejection (SR) and water recovery (WR) [44].
∆𝒈𝒘
𝝅𝟎

𝟏

= 𝑾𝑹 𝒍𝒏 [

𝟏−𝑾𝑹(𝟏−𝑺𝑹)
𝟏−𝑾𝑹

𝟏−𝑾𝑹(𝟏−𝑺𝑹)

] − (𝟏 − 𝑺𝑹)𝒍𝒏 [(𝟏−𝑺𝑹)(𝟏−𝑾𝑹)]

Equation

2
Under applied pressure of 900 psi on 17 g/L, BD/PW mix with 67% water recovery and power
consumption of 40 kWh/m3 of permeate water, the minimum work of separation was calculated to
be 1.44 kWh/m3. This indicates a second law efficiency of 3.6 % for this lab-scale process [18].

2.5 A downstream mix of BD RO-rejected water with PW
In the second proposed treatment configuration, BD water alone was treated through
softening, AC filtration, and an RO system. The RO rejected stream generated under 900 psi was
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mixed with PW before the thermal desalination. The main characteristics of the two waters are
listed in Table 10. Waters were mixed at different volumetric ratios of the RO reject to PW: 0.5 to
1, 1 to 1, and 2 to 1. TDS concentration of the mixed water was ~ 150, 120, and 80 g/L for the
mixing ratio of 0.5, 1, and 2 respectively.
Although the alkalinity of the reject water was (~1,300 mg/L as CaCO3), calcium removal
was negligible due to mixed water pH lower than the pHs (>8.5) required for calcium carbonate to
precipitate as calcium carbonate. Similarly, since pH ~ 12 is required for magnesium hydroxide
formation, there was no magnesium removal as well. After adjusting the pH of the solutions to pH
~12 using a sodium hydroxide solution (5M), 100% magnesium removal accompanied with
calcium removals of 80%, 80%, 77% were achieved at mixing ratios of 0.5 to 1, 1 to 1, and 2:1,
respectively. Complete (100%) calcium removal was achieved after the addition of sodium
carbonate as an extra carbonate source at a molar ratio of 0.2 to total hardness. This ratio was 1 to
1 for the softening of BD/PW and BD alone. The low amount of sodium carbonate in this step was
because of the high alkalinity of the RO rejected water. A comparison of the chemical and energy
consumption of these different scenarios was provided in chapter 4.
Table 10. Characteristics of RO rejected stream of BD water and produced water.
Parameters
pH
Total Dissolved Solids (TDS, g/L)
Total organic carbon (TOC, mg/L)
Alkalinity (mg/L as CaCO3)
Sulfate (SO42-, mg/L)
Chloride (Clˉ, mg/L)
Calcium (Ca2+, mg/L)
Magnesium (Mg2+, mg/L)
Barium (Ba2+, mg/L)
Strontium (Sr2+, mg/L)
Total iron (mg/L)
Aluminum (Al2+, mg/L)
Manganese (Mn2+, mg/L)

RO rejected stream of BD
water
10.6
~12
12
1300
900
3000
3.0
0.1
0.17
1.8
0.07
<0.001
<0.001

Produced water
5.7
230
13
17
<0.01
113,000
13,800
1600
9200
4100
80
<0.001
<0.001

A thermal desalination test on RO reject from BD/PW treatment was conducted to examine
any precipitation/deposit formation. The initial TDS of the rejected water was 50 g/L. Three
samples with an initial volume of 35 mL were placed on a hot plate at 400°C for 10-, 15-, and 20min. TDS, calcium, magnesium, and total iron concentration of the concentrated water were
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measured (Fig 21 and Table 8). Precipitation was not observed till the sample was completely
dried out at 22 min. According to the result of this experiment, the average energy consumption
for evaporating 1 L of the reject stream is approximately 0.015 kWh/L. This number was used for
economic analysis in chapter 4.

Figure 2-22. Preliminary thermal desalination of the rejected stream from 900 psi RO
Table 11. Characteristics of thermal desalination of the rejected stream
Evaporation Time (min)Operation Time (min)

10

15

220

Calcium (Ca, mg/L)

1.5

4.0

4.0

<0.001

<0.001

<0.001

6.0

10

10.4

Magnesium (Mg, mg/L)
Iron (Fe, mg/L)

2.6 Conclusions
A BD/PW co-treatment process consisting of softening activated carbon and reverse
osmosis desalination was developed to treat both waste streams and generate product water and
concentrate stream for downstream thermal desalination and 10-lb brine production. The treatment
process was proposed based on the complimentary chemistry and proximity of the two wastewaters
to minimize the environmental footprint of the treatment and maximize value production. In the
softening unit, the high sulfate concentration of BD water precipitated >90% of the barium in PW
without chemical addition. By adding carbonate supply, >90% of major scale-forming cations
were removed. Activated carbon filtration also removed >90% of TOC. The salty PW also
increased the TDS concentration of feed water to RO and generated a concentrated stream that can
be more economically turned into 10-lb brine by downstream thermal desalination. The primary
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results of this study were presented at Water Environment Federation (WEFTEC 2020) conference
[45].
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3

Development of a brine electrolysis cell to generate useful products for the
treatment process
Research objective: development of a brine electrolysis system to generate sodium

hydroxide and chlorine from the concentrate stream of the co-treatment process

3.1 Introduction
Oil and gas (O&G) production plays a significant role in modern civilization as an
important source of energy[46]. However, a critical issue concerning these forms of energy
production is the generation of liquid waste defined as “produced water” (PW)[47]. PW constitutes
the industry’s most important waste stream based on volume[17]. Currently, up to 890 billion
gallons of produced water are generated each year from O&G production in the United States [13].
PW can contain a wide variety of chemicals including organic compounds, metals, radioactive
materials, production solids (e.g., corrosion, scale, and formation solids), and dissolved gases[12]
[48]. PW is also highly saline, as a result of interactions between reservoir fluids and the formation
materials[47][12]. Thus, the actual composition of these waters depends heavily on the geology of
the field in production, and concentrations of individual constituents can vary over several orders
of magnitude[12]. In the Eastern U.S. Marcellus gas field, the total dissolved solids (TDS) in PW
increases rapidly after well completion, then stabilizes often at concentrations exceeding 150,000
mg/L[19].
Produced water can be managed in different ways including 1) avoiding the production of
water to the surface by using a polymer gel, 2) injecting produced water into the formations (a
practice which may need some treatment to reduce fouling and scaling agents as well as bacteria),
3) discharge of the PW after adequate treatment, 4) reuse oil and gas operations (drilling,
stimulation, and workover operation), 5) beneficial reuse of PW such as irrigation, rangeland
restoration, cattle, and animal consumption, and drinking water for private use or public water
system[49][17]. Discharge or reuse of the PWs may require different degrees of treatment to
remove specific constituents depending on their disposal and reuse options. A produced water
treatment structure is often selected based on the overall treatment objectives. To achieve treatment
objectives, in many cases a series of individual processes rather than a single process is required
for contaminant removal[14].
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Various physical, chemical, and biological methods have been used individually or in
combination for the treatment of PW[12]. Membrane separation processes such as microfiltration,
ultrafiltration, nanofiltration, and reverse osmosis are among those treatment methods that have
been evaluated frequently for the removal of suspended solids (SS) and dissolved solids from
PW[12][14] [50]. However, due to the high concentration of divalent cations (e.g., Ba2+, Ca2+,
Mg2+, Sr2+) as well as organic and colloidal materials in PW, fouling poses a serious challenge for
these membrane technologies[51]. Consequently, PW softening to reduce multi-valent ions has
often been used as a pretreatment in combination with other treatment methods[16][50].
Alkalization technology is an economical softening method that uses alkaline materials
such as lime (Ca(OH)2), soda ash (Na2CO3), and caustic soda (NaOH) to raise pH and promote
chemical precipitation of divalent cations. However, the transportation of alkaline chemicals and
the required space for handling and storage facilities are among the disadvantages of this method
for PW treatment. Compared to the chemical addition for softening, the nanofiltration (NF)
membrane is considered an economical technology to separate divalent ions. However, for waters
with high TDS such as PWs in the current study, a reasonable amount of brine at the maximumallowed applied pressure cannot be obtained by the NF membrane. Besides, the fouling problem
still exists with NF technology[18]. Therefore, onsite production of alkaline chemicals (e.g.,
NaOH) using brine electrolysis[52] represents an attractive approach for PW softening. For this
treatment method, the brine solution can be obtained from PW after the removal of multi-valent
ions and organic content using electricity generated from onsite natural gas or a diesel generator.
In addition, this electrochemical approach provides an emerging method for PW treatment through
the production of products such as active chlorine in the form of gaseous chlorine, hypochlorous
acid, or hypochlorite ions at the anode[53]. Due to the significant production of PW in often remote
areas, the application of conventional physical, chemical, or biological methods is restricted[54].
Electrochemical methods have the advantages of high efficiency, mild operating conditions, ease
of automation, versatility, and low cost, especially when they are powered by renewable
energy[55].
The ultimate objective of this study, as described later, is to use treated produced water as
the feed for the brine electrolysis. To reduce the energy requirements, the electrolysis was
performed at room temperature rather than at the high temperatures typical for the Chlor-alkali
process[56]. Issues concerning brine electrolysis for softening of PWs include kinetics of NaOH
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generation, electrical power consumption, and PW softening efficiency. This study focuses on
developing a brine electrolytic system for generating caustic soda using an electrochemical cell
for softening as a PW management tool. Mehmood et al. describe a three-chamber cell for
generating NaOH and hydrochloric acid from brine[52]. A commercially available lab unit has
been studied for the generation of sodium hypochlorite from water softener spent brine[57]. In this
study, a two-chambered electrolytic cell typical of the Chlor-alkali process was used to generate
NaOH and chlorine from NaCl solutions. The electrochemical characteristics were examined to
identify the controlling factors of NaOH generation kinetics and power consumption. Optimal
conditions for NaOH generation were identified by measuring pH and electrical power
requirements. The high-pH catholyte was then used in the softening treatment of three fieldcollected PWs and the efficiency was quantified. The sludge materials from the softening treatment
were characterized using spectroscopic analyses to help illustrate softening mechanisms. Given
the often-remote locations of O&G production wells, such brine electrolysis for on-site generation
of useful chemicals for produced water treatment can provide the advantages of a small
environmental footprint and minimal chemical transportation.

3.2 Materials and Methods
3.2.1

Electrochemical Cell

A two-compartment electrolytic cell (Figure 3-1) was constructed using acrylic plates. The
two compartments were separated by a cation exchange membrane (CEM, Nafion115, DuPont,
5.5×5.5 cm2, effective area 30 cm2, 0.013 cm thick). Each compartment contained a working
volume of 170 mL and was equipped with ports for fluid input and output. A dimensionally
stabilized RuO2/IrO2 coated titanium anode (geometric dimension of 5.5×5.5 cm2, 0.1 cm thick,
Edgetech Industries LLC.,) and a type 304 stainless steel mesh cathode (geometric dimension of
5.5x5.5 cm2, 0.1 cm thick, McMaster-Carr) were used. The RuO2-based coating is very stable for
chlorine evolution reactions. However, they are unstable for anodic oxygen evolution reactions
and undergo heavy corrosion in acidic conditions. The addition of iridium oxide (IrO2) which is
stable for oxygen evolution while having a lower electro-catalyst to ruthenium oxide (RuO2) has
a synergistic effect and improves the stability of RuO2-based oxide anodes in harsh corrosive
conditions[58]. For the fabrication of the electrode, the precious metal mixture was painted on the
titanium substrate and then sintered at a high temperature. As cathode, 304 stainless steel is more
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corrosion resistant than galvanized steel. It is known as a very inexpensive electrode and has an
active surface area three times larger than a flat sheet. Cathodes of this material with high specific
surface area showed performance similar to carbon cathodes containing a platinum catalyst[59].
The two electrodes were 1 cm apart. Brine solutions of various concentrations were prepared using
analytical grade sodium chloride (Fisher Scientific, Chicago, Illinois, USA) and deionized water.

Figure 3-1. Schematic diagram of produced water softening in a continuous mode.
Generation of NaOH occurs in the cathode compartment according to reactions 1 and 2.
The CEM permits the passage of hydrated sodium ions from the anode compartment to the cathode
compartment where sodium hydroxide is produced[60][61].
2𝐻2 𝑂 + 2𝑒 – → 𝐻2 + 2𝑂𝐻 –

(1)

𝑂2 + 2𝐻2 𝑂 + 4𝑒 – → 4𝑂𝐻 –

(2)

An added advantage of this method as discussed in the introduction section is the production of
chlorine/hypochlorous acid in the anode compartment (reactions 3 and 4):
2𝐶𝑙 – → 𝐶𝑙2 + 2𝑒 –

(3)

𝐶𝑙2 + 𝐻2 𝑂 → 𝐻𝑂𝐶𝑙 + 𝐶𝑙 – + 𝐻 +

(4)

A fraction of the current at the anode drives water oxidation:
2𝐻2 𝑂 → 𝑂2 + 4𝐻 + + 4𝑒 –

(5)
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The cell was first examined for its electrochemical characteristics including cell and
membrane resistances, and mass transfer limitation under various current densities. Specifically,
electrochemical impedance spectroscopy (EIS) was conducted using a potentiostat/galvanostat
(Reference 3000, Gamry Instrument) to measure cell and membrane ohmic resistances. Galvanodynamic current scans were conducted to identify mass transfer limiting processes. The coulombic
efficiency of charge transfer for OH‾ formation was quantified. The electrolysis was driven by a
potentiostat/galvanostat under controlled current densities (10 - 30 mA/cm2, equivalent to 300 –
900 mA), operation time (0 – 60 minutes), feed solution concentrations (0.2, 0.5, and 1 M NaCl),
and different solution feeding modes (batch and circulation). The cell voltage and pH of the
anolyte and catholyte were monitored during electrolysis to determine NaOH generation kinetics.
Titration of the catholyte with standard HCl was used to determine the coulombic efficiency of
OH– production[62]. Both chlorine gas and dissolved free chlorine (HOCl/OCl–) generated from
the anode were also collected and analyzed.
The high-pH catholyte solutions were subsequently used to remove multivalent cations
from PW waters as a softening treatment. In addition, sodium carbonate (Fisher Scientific, Fair
Lawn, New Jersey) was used to supplement carbonate in the softening treatment for comparisons.
3.2.2 Produced Water Samples and Characterization
Three PW water samples were collected from different production wells, including one at
the Industrial Park in Morgantown, WV (PW1), and the other two in Kansas, Douglas County
(PW2), and Reno County (PW3). These samples represent three distinctly different produced water
characteristics and were analyzed as received to characterize their physical and chemical properties
(Table 12).
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Table 12. Characteristics of Produced Water
Parameters

Units

Result
PW 1

PW 2

PW 3

6.2

8.0

7.2

mS/cm

102

52

166

Acidity

mg/L as CaCO3

79

42

113

Alkalinity

mg/L as CaCO3

107

280

226

Chloride

mg/L

48,000

19,600

88,000

Sulfate

mg/L

0.3

4

213

mg/L

300

120

400

Suspended solids (TSS)

mg/L

350

135

180

Dissolved solids (TDS)

mg/L

87,700

40,800

153,600

Total Organic Carbon (TOC)

mg/L

10.0

3.0

7.0

Color

--

Brown

Clear yellow

Light Gray

Odor

--

Not

Not

Significant

significant

significant

pH

--

Conductivity

Inorganic Ions

Chemical

Oxygen

Demand

(COD)

Metals

Calcium, Ca

mg/L

7,700

650

7,880

Magnesium, Mg

mg/L

640

303

2100

Sodium, Na

mg/L

18,900

12,800

42,000

Iron, Fe

mg/L

78

12

1.2

Barium, Ba

mg/L

3,860

176

6.0

Strontium, Sr

mg/L

1,883

83.5

2,113

Manganese, Mn

mg/L

2.7

0.4

0.1

Aluminum, Al

mg/L

<0.038

<0.038

<0.038
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3.2.3 Softening Treatment
Softening experiments using the high-pH catholyte were conducted in both batch and
continuous flow modes. The batch experiments were carried out over a range of catholyte to PW
volume ratios (0.1 – 5) using Jar tests. Briefly, mixtures of a range of volumetric ratios of catholyte:
PW were subject to 5 minutes of rapid mixing at 120 revolutions per minute (rpm) and then 40
minutes of slow mixing at 40 rpm. The mixing was then stopped to allow the formed precipitates
to settle for one hour, followed by filtration of samples using glass microfiber filters (Grade GF/F,
Cat. No. 1825-047, Whatman, UK). Both the filtrate and precipitates were collected for analysis.
In the continuous mode, the NaCl brine solution was continuously fed to the cathode for continuous
NaOH generation under a current density of 10 mA/cm2, and both the catholyte and PW were
pumped continuously at a range of predetermined flow ratios (catholyte: PW 1 – 5) to a mixing
basin (Figure 3-1, Table 13). The mixed solution was permitted to form precipitates in the basin
for one hour before it was vacuum-filtered to separate the solids from the solution. Both the
precipitate and filtrate were collected for analysis. For experiments in continuous mode, the
operation time was set to 60 minutes, where the first 15 minutes were crucial for NaOH to reach a
pH of at least 12 and the last 45 minutes were for the NaOH and PW to form precipitates.
Softening experiments were also conducted with Na2CO3 in Jar tests with and without the
catholyte to study any synergistic effects in removing various divalent cations. Soda ash was added
to the samples at a range of stoichiometric ratios based on each sample’s hardness, calculated as
the total of major multi-valent cations including calcium, magnesium, barium, and strontium (i.e.,
soda ash: total hardness molar ratio = 0.2, 0.5, and 1).
Table 13. Continuous produced water softening using catholyte from brine electrolysis (0.5 M
NaCl, 10 mA/cm2)
Flow rate (ml/min)

Flow rate ratio

Catholyte hydraulic

Catholyte

PW

(Catholyte: PW)

retention time (min)

1.5

1.5

1

113

3.0

1.5

2

57

7.5

1.5

5

23

54

3.2.4 Activated Carbon Filtration
The same activated carbon used for filtration of BD/PW and BD alone in batch mode
(Figure 2-5. A) was applied to remove organic carbon from softened water. The supernate from
the softening unit was circulated into the AC system at the flow rate of 0.021 m3/hr. the TOC
concentration of the water was reduced to <1 mg/L from the initial of ~ 15 mg/L.
3.2.5 Chemical and Microscopic Analyses
All chemicals used in the analyses were analytical grade and chemical concentrations were
measured following the Standard Methods [42]. Metal concentrations were measured using an
atomic absorption spectrometer (Perkin-Elmer, 3100). Given the high chloride content of the PWs
and its potential interference with chemical oxygen demand (COD) measurement, an improved
COD analysis was applied[63]. Briefly, mercuric sulfate (HgSO4) was added to samples at the
ratio of HgSO4: Cl = 20:1 to mask the chloride effects through mercury chloride complex
formation. Total organic carbon (TOC) was measured with a TOC analyzer (Shimadzu TOC-L).
Analysis of both chlorine gas and dissolved free chlorine was conducted according to the standard
iodometric method [42]. The morphology of the precipitated materials was characterized by
scanning electron microscopy (SEM, Hitachi, S-4700) and the chemical composition was analyzed
by energy dispersive spectroscopy (EDS, PV7746/58 ME, EDAX Inc., Mahwah, NJ, USA) with
excitation energy set at 20 kV. The sludge samples were coated with gold under vacuum in a
sputter coater (SPI-moduleTM sputter, SPI Supply, West Chester, PA, USA) before the SEM/EDS
analysis.
3.2.6 Free Chlorine/Chlorine Gas Analysis
To measure the chlorine (Cl2) and chlorine dioxide (ClO2) generated from the cathode
compartment, the method developed by Margaret N. Stryker, Senior Research Associate at the
NCASI was used [64]. In this method, the chlorine gas is extracted from the cell and passed
through impingers containing buffered potassium iodide solution. Determination of iodine formed
during post-sampling permits the quantitative measurements of both Cl2 and ClO2 [64].
The sampling train as shown in Figure 3-2 diagrams, consisted of a sampling line (tubing), three
impingers connected in series with 60 mL of 2% potassium iodide in the first two impingers and
silica gel in the third impinger as a desiccant, flowmeter, and vacuum pump.
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Figure 3-2. Sampling line for the chlorine gas analysis
After 900s operation time, the color of the solution in the first impinger turned red due to iodine
formation. To analyze the chlorine gas, the contents of the impingers were combined in a beaker
and titrated using 0.01 N sodium thiosulfate until the solution was colorless and the volume of
titrant was recorded (TA). For analysis of aqueous chlorine in the anolyte, 0.1 gr of potassium
iodide crystal was added to the solution and the same titration method was applied for the analysis.
Finally, equation 3 was used to calculate the concentration of chlorine

𝑪𝒍𝟐 (𝒎𝒈) =

(𝒆𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 𝑪𝒍𝟐 )×(𝟏𝒎𝒐𝒍 ×𝟕𝟎.𝟗 𝒈𝒓×𝟏𝟎𝟎𝟎𝒎𝒈)
𝟐 𝒆𝒒𝒖𝒊𝒗𝒂𝒍𝒆𝒏𝒕 ×𝒎𝒐𝒍𝒆×𝒈𝒓

3
Equivalent Cl2 = TA× normality of sodium thiosulfate
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Equation

3.3 Results and Discussion
3.3.1 Electrochemical Characteristics
Experiments with a range of current densities (10-30 mA/cm2), operation time (0-60 min),
NaCl concentrations (0.2 M, 0.5 M, and 1.0 M), and different flow rates showed no significant
impact on the production rate of high pH catholyte. Consequently, 0.5 M NaCl, 10 mA/ cm2 current
density for 15 minutes, and the Nafion 115 CEM were selected as the optimal operating conditions
for further experiments. Under this condition, a catholyte with a volume of 170 mL at a pH > 12
was generated with a power consumption of 4.5 watts/L. Estimates of OH- formation and expected
pH change showed that 100% current efficiency during operation at 300 mA (10 mA/cm2) for 15min requires a total charge of 270 coul, corresponding to 0.0028 moles of electrons and a
theoretical hydroxide concentration of 0.016 M (pH 12.2). Under this operating condition, 0.015
M OH– was produced corresponding to 93% columbic efficiency. Similarly, 100% faradaic
efficiency for the same operating conditions theoretically generates 0.0028 equivalents of chlorine
(99 mg). Total free chlorine of 32 mg (both gas and dissolved) was measured yielding a faradaic
efficiency of 32%. The rest of the current was assigned to water oxidation according to reaction 6.
These efficiencies remain almost constant even at the higher current densities of 20 and 30
mA/cm2. This finding was supported by galvanodynamic (GD) current scans. GD scans with the
electrochemical cell filled with 0.5 M NaCl in both chambers were performed up to currents of
900 mA (30 mA/cm2). The plots of voltage vs current was linear and did not show any evidence
for mass transfer limiting behavior (Figure 3-3). Consequently, water dissociation at the
membrane, a process that would lower the current efficiency for NaOH production, should not be
occurring even at the highest currents. With 0.5 M NaCl in both chambers, the cell EIS was
measured at an open-circuit voltage of 0.8 V with the Nafion 115 membrane and 0.9 V without a
membrane in a frequency range of 10 to 10,000 Hz and an AC voltage amplitude of 10 mV. From
the high-frequency intercept on a Nyquist plot (Figure 3-4), an ohmic resistance of 2.0 ohms
(61ohm cm2) with the membrane and 1.5 ohms (45ohm cm2) without the membrane was obtained.
The difference of 0.53 ohm (16 ohms cm2) was attributed to the Nafion 115 membrane.
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Figure 3-3. Galvanodynamic scans under different maximum currents: (A) 100mA, (B)300mA,
(C) 600mA, and (D) 900mA.

Figure 3-4. Nyquist plot of the electrolytic cell with membrane and without membrane
3.3.2 PWs Softening
PWs softening by the generated catholyte
After the PWs softening treatment using the catholyte in batch and continuous modes,
manganese (Mn) and aluminum (Al) were not detectable in the filtrate for all mixing ratios. Mg
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removal exceeded 90% in PW1 and PW2 at higher catholyte: PW ratios when corresponding pHs
were greater than 11 (Figure 3-5). The lower removal efficiency of PW3 (less than 40%) was due
to its higher acidity (113 mg/L) which resulted in pHs below 11. In contrast, Ca removal was poor
- approximately 10% for PW2 and negligible for PW1 and PW3 (data not shown). This low
removal efficiency was attributed primarily to the high solubility of calcium hydroxide (Ca(OH)2)
(Table 14). Also, because of low bicarbonate alkalinity in the PW samples and despite pH higher
than 10 of the catholyte/ PW mixture in all experiments, insignificant calcium removal was
achieved. PW2 exhibited relatively higher removal efficiency because of its higher alkalinity (280
mg/L as CaCO3).
Barium (Ba) removal was essentially negligible in all samples. Less than 16% strontium
(Sr) removal was obtained for PW3 and no strontium removal occurred with PW1 and PW2. Sr
removal from PW3 was attributed to higher sulfate concentration (213 mg/L) in the sample
resulting in precipitation of SrSO4. However, the formation of BaSO4 is retarded despite its lower
solubility than SrSO4, which was likely because of the very low initial Ba concentration of this
sample (6 mg/L) compared to its high initial Ca and Sr concentrations. Also, ionic strength effects
caused by high Ca concentration increased BaSO4 solubility and decreases its supersaturation[65]
The insignificant removal of Ca, Ba, and Sr with catholyte alone was attributed to the
absence of carbonate to precipitate these cations as carbonate salts or to improve sorption of Ba
and Sr to CaCO3 precipitates, and the higher solubility of Sr(OH)2 and Ba(OH)2 (Table 14)
[66][67]. Overall, the catholyte treatment resulted in varying degrees of Mg removal depending
on the PW acidity, and poor removal of Ca due to low alkalinity in the PWs. Removal of Ba and
Sr was poor indicating that their removal was not associated with Mg (OH)2 precipitation.
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Figure 3-5. Magnesium removal efficiency with (A) PW1, (B) PW2, and (C) PW3 using the
catholyte in batch mode (left-hand graphs, catholyte to PW volume ratio = 0.1-5) and continuous
mode (right-hand graphs, catholyte to PW flow ratio = 1, 2, and 5)
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Table 14. Solubility of different salts in water
Compound

Formula

Ksp

Magnesium hydroxide

Mg(OH)2

1.8E-11

Calcium hydroxide

Ca(OH)2

4.7E-06

Barium hydroxide

Ba(OH)2

5.0E-03

Strontium hydroxide

Sr(OH)2

6.4E-03

Magnesium carbonate

MgCO3

6.8E-06

Calcium carbonate

CaCO3

2.8E-09

Barium carbonate

BaCO3

5.1E-09

Strontium carbonate

SrCO3

1.1E-10

Calcium sulfate

CaSO4

7.1E-05

Barium sulfate

BaSO4

1.1E-10

Strontium sulfate

SrSO4

3.2E-07

PWs softening by sodium carbonate (soda ash)
Although one of the main purposes of this study is to minimize chemical consumption, due
to the lack of enough carbonate concentration in PWs especially PW1 to precipitate carbonate salt,
softening was conducted by adding different amounts of soda ash (Soda ash to total hardness molar
ratio = 1.5, 1, 0.5, and 0.2 to 1). Ca, Ba, and Sr removal had similar patterns indicating Ba and Sr
removal are closely associated with CaCO3 precipitation (Figure 3-6). Ba and Sr removal are
relatively lower in PW1 compared to PW2 and PW3. This observation was attributed to the high
concentration of Ba and Sr in PW1. In PW2, concentrations of Ba and Sr were lower than PW1,
and in PW3 barium content was negligible (6 mg/L). Around 80% of Ca was removed from PW1
and PW3 at the soda ash to hardness molar ratio of 1 to 1. Lower removal efficiency from PW2
was attributable to the lower total hardness which resulted in a lower quantity of soda ash added
to PW2 (Table S2). Mg removal from the PWs was negligible with all added quantities of soda
ash except the soda ash to total hardness molar ratio of 1.5 to 1. Given that the mixture pHs were
all below 10 (Table 15), the Mg removal was attributed to mostly coprecipitation with and/or
sorption to CaCO3.
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Figure 3-6. Effect of soda ash on removal efficiency of calcium, barium, strontium, and
magnesium from (A) PW1, (B) PW2, and (C) PW3 with different amounts of soda ash (soda ash
to hardness molar ratio of 0.2, 0.5, 1.0, and 1.5 to 1).
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Table 15. Different amounts of soda ash mixed with samples and corresponding pH.
Samples

PW 1

PW 2

PW 3

Total hardness (M) from Ca, Ba, Sr, and Mg

0.27

0.03

0.30

PW: total hardness molar ratio

1.0

0.5

0.2

1.0

0.5

0.2

1.0

0.5

0.2

Amount of soda ash (gr) in 200 mL

6.0

3.0

1.5

0.6

0.3

0.1

6.0

3.0

1.5

pH

8.6

7.7

7.4

9.6

9.2

8.3

8.5

7.2

6.9

PWs softening by catholyte and soda ash
PW softening batch tests were also conducted by supplementing different quantities of soda
ash (soda ash: total hardness = 1, 0.5, and 0.2) to the mixtures of catholyte and PWs (catholyte:
PW volume ratio = 1 and 2). Compared to the samples mixed with soda ash alone, Ca removal was
enhanced with the combined use of catholyte and soda ash (Figure 3-7) Specifically, a soda ashto-hardness molar ratio of 0.5 to 1 with the catholyte achieved comparable (square marked lines)
or higher Ca removal than twice the amount of soda ash (i.e., soda ash to hardness molar ratio of
1 to 1) without the catholyte (solid bars). Mg removal followed a similar pattern as calcium. The
degree of enhancement in Ca and Mg removal varied with the original acidity and alkalinity in the
PWs. Presumably, the catholyte eliminated the PW acidity that otherwise would consume the
added carbonate, thereby enhancing the yields of the Ca and Mg precipitates. As a result of
increased CaCO3 precipitates, Ba, and Sr removal was improved by enhanced sorption to the
surface of formed precipitates[65][66]. This finding was supported by SEM-EDS analysis (Figure
3-8). Specifically, only Mg and a relatively lower abundance of Ca were found in PW1 precipitate
from the catholyte treatment alone, and Sr and Ba were absent (Figure 3-8A). In contrast,
precipitates from the treatment of soda ash alone showed a dominant presence of Ca as well as a
noticeable amount of Ba and Sr (Figure 3-8B). The precipitate from the combined treatment of the
catholyte and soda ash exhibited increased abundances of Sr and Ba compared to the precipitates
by soda ash alone (Figure 3-8C). The SEM micrographs showed more particles attached to the
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surface of CaCO3 from the combined treatment of the catholyte and soda ash (Fig. 6C) than those
with soda ash alone (Figure 3-8B).

Figure 3-7. Calcium, barium, strontium, and magnesium removal (%) from (A) PW1, (B) PW2,
and (C) PW3 with catholyte and/or soda ash.
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Figure 3-8. EDS and SEM spectra of PW1 precipitates from softening treatment with (A)
catholyte, (B) sodium carbonate, and (C) a combination of catholyte and soda ash (Catholyte:
PW volumetric ratio = 2:1, and soda ash: hardness molar ratio = 0.5:1).

3.3.3 Organic Removal
The PWs have a low TOC content (< 10 mg/L). TOC removal from PW2 was ~40% using
catholyte alone (catholyte: PW volume ratio of 2:1) while TOC removal from PW1 and PW3 was
negligible. This was attributed to the higher level of Mg(OH)2 formation from PW2 than PW1 and
PW 3 (Figure 3-5). The result was consistent with Mg(OH)2 precipitation as a mechanism for
removing many organic contaminants from the water in chemical softening [68]. Another way for
organic compounds to be removed during softening is through adsorption to the surface of growing
CaCO3 precipitates, which is referred to as co-precipitation[65]. Softening of PWs using soda ash
(soda ash: hardness molar ratio of 0.5) resulted in 20%, 26%, and 17% TOC removal for PW1,
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PW2, and PW3, respectively. However, the combined treatment of catholyte and soda ash yielded
little or no TOC removal. This observation was contrary to a previous study reporting improved
or comparable TOC removal by CaCO3-Mg(OH)2 [69]. By using activated carbon filtration,
however, TOC concentration decreases to less than 1 mg/L after circulations of waters through the
system. The associated retention time was approximately 15 minutes for PW1 and PW3 and 5
minutes for PW2.
3.3.4 Cost Analysis of NaOH Production
The work-energy associated with NaOH production is the integral product of voltage and
current throughout the galvanostatic experiments. With 0.5 M NaCl, current of 10 mA/cm2 (0.3
A), the voltage was nearly constant at ~3.0 V. The specific energy calculated as kilowatt-hours
(KW·h) per mol of the product (NaOH) was 0.086 KW·h/mol. Using an estimated price of $0.15/
KW·h for distributed electricity, the cost of sodium hydroxide production was $0.32/kg which is
far below the bulk NaOH price of at least $1.5/kg. Shipping and storage for purchased chemicals
would significantly increase the energy footprint. This analysis showed the significant benefits of
on-site generation of NaOH and its on-site use for softening

3.4 Proposed Treatment Scheme
A conceptual treatment scheme that incorporates brine electrolysis was proposed (Figure
3-9). The treatment method can take advantage of highly saline PW to generate two useful products
on-site from the PW for treatment of the PW itself in order to reduce the environmental footprint
of the treatment process. The raw PW is first treated by the high-pH catholyte with or without a
soda ash addition for softening. The effluent is then treated in a unit for organics removal (e.g.,
activated carbon) yielding a brine solution containing no or little organics, carbonate, and scaleforming cations. The brine solution is then fed into the electrolytic cell to generate free chlorine in
the anode and the high-pH catholyte in the cathode for the softening of the PW. The acidic anolyte
can be used to eliminate any residual carbonate in the effluent from the softening or organics
removal unit, and to adjust the pH of the feed brine solution. The generated chlorine can be used
as a biocide for controlling microbial activities in the PW impoundment or storage tank, as an
oxidant for treating off-gas from PW storage (e.g., H2S), or as a chemical for advanced oxidation
applications (e.g., UV/Cl2 [70][71]). The whole process is driven by electricity which can be
generated either by a diesel generator or on-site natural gas. Given the insufficient alkalinity in
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PWs to remove Ca, soda ash is likely needed if a high degree of calcium removal is required. In
remote areas, the proposed on-site treatment of produced water may be economical due to reduced
transportation costs.

Figure 3-9. Potential treatment scheme of using brine electrolysis for produced water management

3.5 Conclusions
The main conclusions of this study are summarized as follows:
1. Caustic soda is generated at high faradic efficiency from the brine electrolysis and
successfully used in softening treatment of raw produced water with or without carbonate
addition. In the case where carbonate is added, the use of the high-pH catholyte achieves
better or comparable removal efficiencies of the cations using only half of the amount of
carbonate compared to the treatment with carbonate alone.
2. This treatment method adopts green principles of utilizing wastes (high salt content of
produced water) as a resource for generating useful products (i.e., NaOH and Cl2) and can
potentially reduce the environmental footprint of the treatment process and chemical
transportation significantly.
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3. This electrolytic method can be used in combination with membrane and/or thermal
desalination treatment to generate a low-salinity stream and concentrated stream (i.e., 10lb Brine) as a saleable product. The treatment approach can also be used in other
applications such as treatment and reuse of blowdown water to supplement makeup water
for cooling tower operation at thermoelectric power facilities.
While this study [72] was conducted with a simple brine solution in the electrochemical
cell, future work will include the use of produced water product as a feed solution to electrolysis
cell after softening and organic removal steps. To lower equipment costs, higher current densities
will be explored. The results then will be compared in terms of NaOH production efficiency and
energy consumption, and the feasibility of the method will be evaluated.
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4

Techno-economic Analysis of the Implementation of Blowdown
Water/Produced Water Co-treatment

Research objectives: economic analysis of the BD/PW co-treatment on lab and full-scale by
calculating the annual costs and revenues and evaluation of the most effective parameters on the
economics of the treatment process.

4.1 Introduction
Cost and technical performance, as one of the most important parameters of any process,
were studied and discussed in this chapter. The main objective of this chapter is to evaluate the
economics of the co-treatment method for value production from what is currently wasted.
Techno-economic analysis (TEA) was conducted at a laboratory and power plant scales.
Analysis of the lab-scale scenario was conducted on BD/PW co-treatment and treatment of BD
water alone for comparisons. Large-scale analysis was only conducted on implementing the cotreatment process to estimate costs and benefits. As shown earlier, the treatment train consisted of
softening, activated carbon filtration, and reverse osmosis desalination followed by a thermal
desalination process. The treatment train was implemented to treat waste streams to generate salt
brine with commercial value and product water for reuse in the TEA.

4.2 Techno-economic Assumptions and Methods
4.2.1 Economic Assumption
For the lab-scale analysis, the inlet flowrate was assumed to be 70 L/day. For the full-scale
analysis, an inlet flow rate of 4000 m3/day was assumed which is equal to the 750 GPM flow rate
of blowdown water at the Longview power plant, Morgantown, WV. The cost and revenues
considered in the economic analysis were the followings:
1.

capital cost of the first two treatment steps (softening and AC filtration),

2.

chemical cost of the softening treatment,

3.

the cost for landfill disposal of the generated sludge from the softening unit,

4.

capital and operation costs of the RO and mechanical vapor compression (MVC),

5.

transportation cost of the produced water,

6.

tipping fee revenue from produced water received at the facility, and
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7.

the revenue from the brine and product water sale.
In the analysis, MVC was used as a thermal desalination process because it is an attractive

and competitive process for production capacities less than 5000 m3/L [73]. According to
Wenzlick et al [18], the tipping fee is considered as revenue since the same $/L price is assumed
for the injection of produced water into the disposal wells as a common way of PW management.
All the assumptions are listed in Table 16.
Data obtained from the experimental work and literature including chemical and energy
consumption of each treatment unit, water recovery, TDS concentration, and sludge production
were compiled and used in the analysis. The normalized cost by the inlet flow rate of the waste
stream ($/m3 inlet waste) was presented. For both lab and full-scale analysis, chemical
consumption, sludge production, RO water recovery, and TDS of the RO-rejected stream were
assumed from experimental data. For lab-scale analysis, theoretical minimum work of RO (kWh)
was obtained from the installed power meter and for thermal desalination, the minimum work of
simple water evaporation was assumed. For the full-scale analysis, capital and operating costs of
the softening, AC filtration, RO, and MVC were obtained from the published studies.
Table 16. The assumption used in the techno-economic analysis.
Parameters
NaOH cost
Na2CO3 cost
Landfill disposal cost
Tipping fee
Brine sale price
Water sale price
Pretreatment capital cost
Electricity cost
Inflation-adjusted interest rate
Plant lifetime
Capacity factor
Transportation cost

Unit
$/kg
$/kg
$/ton
$/m3 inlet PW
$/m3 10-lb brine
$/m3 permeat water
$/m3 inlet
¢/kWh
yr-1
yr
% of capacity
m3-1km-1

Value
0.5
0.25
36
8.5
13.8
0.5
0.17
11.6
7%
20
90
0.67

Ref
[18]
[18]
[18]
[74] table 14
[18]
[18][75]
[18]
[76]
[18]
[77]
[18]
[78]

4.2.2 Techno-economic Methods
To conduct the economic analysis, the net present value (NPV) was calculated using
equation 4 for the treatment process based on the parameters and assumptions listed in 16. The
NPV indicates the difference between revenues and costs over a time frame of N years with an
inflation-adjusted discount rate i as follow[18]:
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𝑹 −𝑪

𝒕
𝒕
𝑵𝑷𝑽 [$] = 𝑵𝒆𝒕 𝒑𝒓𝒆𝒔𝒆𝒏𝒕 𝑹𝒆𝒗𝒆𝒏𝒖𝒆 − 𝑵𝒆𝒕 𝑷𝒓𝒆𝒔𝒆𝒏𝒕 𝑪𝒐𝒔𝒕 = ∑𝒕=𝑵
𝒕=𝟎 (𝟏+𝒊)𝒕

Equation

4
where
Rt = the revenue generated in year t from the sale of product water, tipping fee of wastewater, and
sale of brine ($/yr), and
Ct = capital and operation cost of softening, AC filtration, RO and MVR, and costs for chemicals
and landfill disposal ($/yr).
The net present value is then normalized by the inlet flow of the waste stream
$

𝑵𝒐𝒓𝒎𝒂𝒍𝒊𝒛𝒆𝒅 𝑵𝑷𝑽 [𝒎𝟑 ] =

𝑹𝒕 −𝑪𝒕
∑𝒕=𝑵
𝒕=𝟎
𝒕
(𝟏+𝒊)
𝑽𝒕
(𝟏+𝒊)𝒕

Equation 5

∑𝒕=𝑵
𝒕=𝟎

where
Vt = the volume of inlet stream entering the treatment plant in any given year after construction
(m3/yr),
R = revenue in any given year after construction ($/yr),
C= cost in any given year after construction ($/yr), and
C0 = cost in year zero during construction ($/yr).
In addition to the NPV, the rate of return on investment after adjusting for inflation (IRR) was
calculated according to Eq.2. IRR is the discount rate, i, that causes the investment to have an NPV
of zero. IRR is a more widely used quantity and can be compared against equally-risky projects
[18].
𝑹 −𝑪

𝒕
𝒕
𝑰𝑹𝑹 [𝒚𝒓−𝟏 ] 𝒅𝒆𝒇𝒊𝒏𝒆𝒅 𝒃𝒚 𝟎 = ∑𝒕=𝑵
𝒕=𝟎 (𝟏+𝑰𝑹𝑹)𝒕

Equation

6

4.3 Results
4.3.1 Economic Analysis.
4.3.1.1

Lab-Scale economics

Table 17 lists chemical consumption, sludge production, energy consumption, and water
recovery of RO, as well as TDS concentration of rejected stream under the applied pressure of 900
psi. Since our group didn’t work on the thermal desalination unit of the treatment process, the
energy consumption of this unit in the lab-scale analysis was assumed to be the energy required
71

for simple water evaporation obtained from the small thermal desalination experiment (0.015
kWh/L). Ten-pound (10-lb) brine was considered a brine with osmotic pressure near saturation,
400 atm (TDS ~300 g/L) [18]. For comparison, in addition to BD/PW and BD alone, the data was
also presented for chemical softening of PW alone, and the scenario in which the rejected water
from RO treatment of BD alone was mixed with produced water at a volumetric ratio of 1 to 1
before the thermal desalination. In the latter situation, due to concentrated sulfate and carbonated
content in the rejected stream, scale-forming cations were removed without any external carbonate
supplement; thus, sodium carbonate consumption is the same as treatment of BD water alone.
However, sodium hydroxide was still required to be added to raise the pH to 12. It can be seen
from the table that the sodium carbonate for softening of produced water alone was 1.6 times the
amount required in BD/PW co-treatment. In Addition, 10-lb brine production from BD/PW cotreatment was 12 times of BD water alone. Considering that the PW alone cannot be fed into the
RO system due to its TDS being higher than the maximum allowed pressure of the RO membrane,
the chemical and energy synergism of the co-treatment process is confirmed.
With 70 L/day inlet flowrate and according to Table 16 and Table 17, costs and revenues
of treating BD/PW and BD water alone were calculated and compared (Table 18). The capital
costs of the units were not considered in this economic comparison since they were the same for
both BD/PW and BD alone treatment. Including the tipping fee revenue, the BD/PW co-treatment
costs of $130/year were $52/year higher than BD treatment alone ($78/year). The higher cost of
co-treatment was mainly because of the high chemical consumption of the process associated with
a significantly higher concentration of scale-forming ions. However, it should be noted that with
the co-treatment process, two waste streams were treated with the unit chemical cost (0.0024 $/L)
two times less than the sum of the unit chemical cost of BD water (0.0006 $/L) and produced water
(0.0045 $/L) when they were treated separately. Additionally, the production of 10-lb brine and
permeate water cannot be achieved by treating BD alone or PW alone.
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Table 17. Chemical and energy consumption of the treatment units for the lab-scale scenario.
Parameters

Unit

BD/PW
70
0.006
0.002
0.01
1.9
67
47
40

BD
alone
70
0.0006
0.001
0.0005
1.5
93
65
15

BD/PW postRO mix
70
0.0006
0.002

Inlet volumetric flow rate
Sodium carbonate (Na2CO3, 99.5%)
Sodium hydroxide (NaOH, 5M)
Sludge
RO minimum work (900 psi)
Water recovery
Permeate water
TDS concentration of water to thermal
desalination
Volume
of
water
to
thermal
desalination/RO reject
Evaporated water (to generate 10-lb brine)
Volume of 10-lb brine (TDS ~ 300 g/L)

L/day
kg/L
kg/L
kg/L
kWh
%
L
g/L

PW
alone*
0.01
0.0036

~100

~200

L/day

23

5

10

10

L/day
L/day

20
3

4.75
0.25

7
3

3.5
6.5

*Since 1L of BD/PW contains only 0.1 L of produced water, the chemical consumption of PW alone was divided to
10.

Table 18. Costs and revenues of BD/PW and BD water treatment for lab-scale scenario.
Variables

Annual cost

Annual revenue

Normalized NPV
4.3.1.2

Sodium carbonate
Sodium hydroxide
Landfill disposal
RO desalination
Evaporation
Water sale (permeate water)
Brine sale
Tipping fee (produced water)
(Revenues-costs)/m3

Unit

BD/PW

BD alone

$/year
$/year
$/year
$/year
$/year
$/year
$/year
$/year
$/m3

38
26
14
81
15
8.5
15
20
-5

4
13
7
64
3
12
1.0
-3

Plant-Scale Economic Analysis

Techno-economic analysis on the full-scale implementation of BD/PW co-treatment at a
power plant was conducted to estimate costs and revenues. However, it should be noted that the
costs of such treatment facility vary due to variables such as location, plant size and design, water
output quality requirement, and environmental constraints [79]; and a detailed cost analysis of the
process is required for investment decisions [80]. The full-scale analysis was not conducted on BD
water alone due to the low salinity of water which makes the process less economical. For the
economic analysis of a full-scale application, a small treatment plant with an inlet flow rate of
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4000 m3/day was assumed. As mentioned earlier, chemical consumption, sludge production, RO
water recovery (67%), and TDS of the rejected stream (~50 g/L) were assumed from experimental
data and the capital cost of softening and AC filtration, the capital and operating costs of RO, and
MVC were all assumed from the literature. The capital cost includes equipment, land, construction,
management overheads, contingency costs, etc., and the operating costs consists of costs for
energy, maintenance, labor, chemicals, membrane replacement, consumables, and spare parts [81].
1. Capital and Operation Cost
Reverse Osmosis
One of the initial steps to having a reliable estimate of plant capital and operating costs is
using the cost database of existing and planned plants’ data [77]. To calculate the capital cost of a
new plant, based on the capital cost of the existing plant, the power-law rule can be used (Eq. 7).
The value of the exponent m for RO plants is usually closer to 0.8 [77].
(

𝑪𝒂𝒑𝒊𝒕𝒂𝒍 𝒄𝒐𝒔𝒕𝒑𝒍𝒂𝒏𝒕 𝟏

𝑪𝒂𝒑𝒊𝒕𝒂𝒍 𝒄𝒐𝒔𝒕𝒑𝒍𝒂𝒏𝒕 𝟐

𝑷𝒍𝒂𝒏𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚𝒑𝒍𝒂𝒏𝒕 𝟏

)= (

𝑷𝒍𝒂𝒏𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚𝒑𝒍𝒂𝒏𝒕 𝟐

𝒎

)

Equation 7

According to a study conducted by Wottholz et al. [77] on estimating the cost of the
desalination plant, a seawater reverse osmosis (SWRO) plant with a capacity of 10000 m3/day has
a capital cost of $20⨯106. Using the power-law model with an exponent value of 0.81 for SWRO
[77], the capital cost of an RO plant with a capacity of 4000 m3/day would be approximately
$9.6⨯106.
To estimate the operating cost of RO, the unit price cost (UPC, Eq. 8), a term used by
Wottholz et al. [77], is the sum of the amortized capital and operation cost.
(

𝑪𝒂𝒑𝒊𝒕𝒂𝒍 𝒄𝒐𝒔𝒕
)+𝑨𝒏𝒏𝒖𝒂𝒍 𝒄𝒐𝒔𝒕
𝑷𝒍𝒂𝒏𝒕 𝒍𝒊𝒇𝒆

UPC = (𝑷𝒍𝒂𝒏𝒕 𝒄𝒂𝒑𝒂𝒄𝒊𝒕𝒚 ⨯𝑷𝒍𝒂𝒏𝒕 𝒂𝒗𝒂𝒊𝒍𝒂𝒃𝒊𝒍𝒊𝒕𝒚)

Equation 8

In the study by Wottholz et al. [77], the UPC for SWRO with a capacity of 10,000 m3/day
was $0.95. Assuming the same UPC for our plant and using equation 8, the annual operating cost
of our RO was calculated to be approximately $703,000. This operation cost value is in the same
range of $766,500/year calculated from a review study conducted by Greenlee et al. in which the
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total operation and maintenance cost of the SWRO plant was estimated as $0.525/m3 [41]. Also,
an annual cost of $820,000/year was calculated from a study by Wenzlick et al. [18] in which the
RO minimum work of separation and operating costs for a plant with a capacity of 1200 m 3/day
were 0.93 kWh/m3 and $0.9/kWh, respectively. In addition, the total electrical energy consumption
of SWRO was reported to be between 4-6 kWh/m3 of permeate water. Considering the middle of
this range (5 kWh/m3), the total energy consumption of the operating cost of the RO plant would
be ~ $567,000/year [82]. While the capital cost of large capacity plants is higher compared to lowcapacity plants, the operating cost of larger capacity can be lower due to the economy of scale.
Thus, considering the capacity of our plant and the average calculated values, the annual operating
costs of our RO plant were assumed to be around $800,000/year equal to the unit cost of $0.5/m3
of inlet water.
Mechanical Vapor Compression
To estimate the capital cost of MVC, data was taken from Al-sahali and Ettouney work
[73]. In their study, the capital cost of an MVC system with a capacity of 500 m3/day was $5⨯105.
Using the power-law rule (Eq. 7), the capital cost of our thermal desalination unit with a capacity
of 1320 m3/day, would be approximately $1,100,000.
According to Karagiannis and Soldatos review study [80], the cost of water production for
VC with a capacity of 1000 m3/day ranges between 1.83-2.42 $/m3 which gives the annual cost of
our plant to be between $765,000 and $1,000,000. Al-sahali and Ettouney [73] estimated the unit
product cost of 0.9 $/m3 for an MVC system with a capacity of 500 m3/day. By taking their data,
the annual cost of our MVC plant would be around $376,200. In addition, the total electrical energy
consumption of MVC was reported to be between 7-12 kWh/m3 of distilled water [82]. If the
middle of this range is assumed the energy consumption of our MVC would be around
$440,000/year. Considering the capacity of our MVC plant, the annual operation cost of MVC was
assumed to be around $500,000 which is equal to the unit cost of $1.0/m3. The unit cost of MVC
is two times the RO’s which confirms one of the objectives of this study which is concentrating
the water using RO would result in overall energy saving.
2. Transportation
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With an on-site treatment facility, there is a transportation cost to deliver the produced
water about 10 miles (16 km) from Morgantown Industrial Park to the treatment facility at the
Longview Power Plant, Morgantown, WV. However, the on-site plant would save transportation
costs of delivering blowdown water to the wastewater treatment plant in Morgantown which is 7.5
miles (12 km) away. While the cost of transferring water varies from place to place based on
different variables such as distance, capacity, gravity, the diameter of piping, and volume, the
average around the world ranges from 0.253/m3/km in Egypt to 0.67/m3/km in France [78]. Using
the high value, the cost for transferring 365 m3/day of produced water would be $3,912/day and
the on-site plant would save us $29,000/day by not transferring 3,600 m3/day of blowdown water.
Using the data obtained from experimental work including chemical cost, sludge
production, RO water recovery, RO-rejected water TDS concentration, and data gathered from the
literature including capital and annual operating costs of RO and MVC, the capital cost of pretreatment (consisting of softening and AC filtration), and transportation cost, and revenues, as well
as the normalized NPV and IRR of a treatment plant with capacity of 4,000 m3/day, were calculated
and tabulated (Table 19).
Table 19. Costs, revenues, normalized NPV, and IRR of a full-scale BD/PW treatment plant

Capital Cost
(one time)

Annual Costs

Annual Revenues

Normalized NPV
IRR

Parameters
Inlet volume of plant
Inlet volume of VC
Pre-treatment capital cost
RO capital cost
MVC capital cost
RO operating cost
MVC operating cost
Chemical cost
Landfill disposal cost
PW transportation cost
Tipping fee
Brine sale
Water sale
On-site treatment
20-year plant’s life-time

Unit
m3/year
m3/year
$
$
$
$/year
$/year
$/year
$/year
$/year
$/year
$/year
$/year
$/year
$/m3
%

Amount
1,460,000
482,000
1300
9,600,000
1,100,000
800,000
500,000
950000
525600
1,428,000
1,150,000
890,000
670,000
10,564,000
~5
5

Ref
[18]
[83]
[18]
[41]
[80]
[18]
[78]
[18]
[18]
[18]
[78]

The values of both NPV and IRR indicate that the revenues are higher than the costs of this
co-treatment process, and the profit from treating 1 m3 of the BD/PW is estimated to be $5. If the
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revenue from on-site treatment is not considered, the NPV would be -1.3 $/m3 meaning that
treating 1 m3 of BD/PW mix using the proposed treatment process would cost approximately $1.3.
The largest annual cost is associated with the unit cost of MVC. The second-largest cost is
the chemical cost due to the high concentration of scale-forming ions which consequently caused
a relatively high cost of landfill disposal as well. The pretreatment capital cost comprises a low
fraction of the total capital cost due to the small capacity of the plant. If the revenue from on-site
treatment is not taken into account, the tipping fee is the largest source of revenue. It should be
noted that the brine revenue is highly dependent on the salinity of inlet water. With higher inlet
salinity, a higher volume of brine would be sold. In contrast, the freshwater revenue is higher when
the salinity of inlet water is lower due to the larger permeate water from RO desalination and larger
volume of freshwater evaporated from the brin in thermal desalination. However, in the case of
inlet water with low salinity, since the water sale price is relatively low, the revenue from brine
sale would not be counterbalanced [18]. Due to the uncertainty in the NPV, a sensitivity analysis
was conducted in the next section to study how changes in the cost assumptions affect the NPV of
the treatment facility [18].

4.4 Sensitivity Analysis
A sensitivity analysis was carried out by considering the normalized NPV as an objective
function to identify the most influencing parameters. The analysis was conducted on each of the
major costs and revenues according to Wenzlick & Siefert [18]. Parameters were changed
independently by 10% from the original value up to -50% and +60% and the new normalized NPV
was calculated for each step.
Without considering the PW transportation cost and revenue from the on-site treatment
plant, the tipping fee had the largest positive impact on NPV followed by the brine sale price. The
MVC and chemical costs had the largest inverse impact with a slightly larger impact on MVC
followed by RO cost on NPV (Figure 4-1). This shows the advantage of RO in reducing the
treatment cost by concentrating the water before thermal desalination. However, developing
alternative technologies to thermal desalination can improve the economic return of the
treatment[18].
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The pre-treatment capital cost had the least effect on normalized NPV followed by the
discount rate, landfill disposal, and water sale. This indicates that these costs and revenues are not
likely to make a decisive impact on the overall feasibility of the co-treatment plant.
If the cost of transporting the PW to the treatment plant and the revenue of the on-site plant
which comes from not delivering the BD water to the wastewater treatment facility is considered,
the output of the sensitivity analysis would be as presented in Figure 4-2. It indicates that the
impact of the on-site treatment plant on NPV is significantly larger than all the other costs and
revenue parameters. Thus, it is expected that by generating sodium hydroxide from the ROrejected water using an on-site electrolysis unit, the cost of treatment can be reduced significantly.

Figure 4-1. Sensitivity analysis on key parameters of the normalized NPV without produced
water transportation cost.
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Figure 4-2. Sensitivity analysis on key parameters for normalized NPV with produced water
transportation cost.

Suggestions for reducing the total cost of the treatment plant:
•

Energy costs can be reduced if the desalination plant is co-located with a power generation
plant [84]. Thus, low-pressure steam sampled from the steam turbine in the power plant
can be used as an on-site source of energy.

•

One of the most significant costs of BD/PW co-treatment is related to chemical costs, in
particular, the sodium hydroxide costs. By generating sodium hydroxide on-site from the
electrolysis of a portion of the RO-reject stream, a big saving can be achieved.

•

Since the chemical use can be costly specifically in the case of BD/PW treatment with a
large concentration of scale-forming cation, NF membrane can be considered for ion
separation. The use of NF membrane decreases the dependence on chemical addition for
precipitation. However, the TDS concentration should be in the range of maximumallowed pressure of NF to obtain a reasonable amount of permeate. NF membrane as a
singular process cannot reduce seawater salinity to drinking water standards, but NF has
been used successfully to treat mildly brackish feed water. Coupled with RO, NF can be
used to treat seawater [18].
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•

Barite (BaSO4) precipitates formed during the BD/PW mixing can be potentially utilized
as the weighting agent in the drilling mud and reduce the cost of unconventional gas
extraction [37]

4.5 Conclusion
The BD/PW co-treatment process was shown to be a cost-effective treatment approach. In
particular, this method is ideal for low-hardness PW. When the concentration of scale-forming
ions in the water increases, the increased chemical consumption contributes to the reduction in the
overall revenue from the treatment facility. It should be noted that overall, the unit chemical cost
of the co-treatment process is considerably lower than the sum of unit chemical costs when BD
and PW are treated separately. The presence of divalent ions obstacles can be addressed by
substituting NF with chemical softening when applicable. The tipping fee is the first most and the
brine sale is the second most revenue, both are associated with produced water treatment.
Compared to the treatment of BD water alone, the BD/PW co-treatment approach resulted in less
amount of product water. However, it is compensated by the higher price of 10-lb than product
water.

80

5

Summary and Recommendations

5.1 Summary
As the main objective of this research, a co-treatment process consisting of softening
activated carbon, and reverse osmosis desalination was developed for simultaneous treatment of
cooling tower blowdown water and produced water from shale gas production. Two wastewater
was mixed at the volumetric ratio of BD: PW of 10:1. The treatment process was designed in a
way to take advantage of the complimentary chemistry of the two waste streams to minimize the
environmental footprint of the treatment and maximize useful by-products (product water and 10
lb brine). To evaluate the efficiency of the process on chemical and energy and by-products
formation, the co-treatment process was compared with the treatment of blowdown water alone
using the same treatment train. Experiments on both treatment configurations were conducted in
batch and continuous operation mode.
The techno-economical comparison was conducted by comparing the economics of the two
treatment configurations on a lab scale using the experimental data and estimating the economics
of the co-treatment process on a full-scale using literature and experimental data. To do the
economic analysis, annual costs/revenues and the net present value (NPV) were calculated for both
analyses. A sensitivity analysis was performed to find the influence of the parameters on NPV.
Major Findings
BD/PW co-treatment (chapter 2)
•

In the softening unit, by mixing the two wastewaters, the high sulfate concentration of BD
water resulted in >90% removal of barium in PW as barium sulfate precipitate. Adding the
carbonate supply (CaCO3 and NaOH), all the major scale-forming cations were removed
in both configurations.

•

Activated carbon filtration removed >90% of TOC and residual scale-forming cation in
both configurations.

•

RO desalination was conducted under an applied pressure of 500, 700, and 900 psi for both
configurations, and 99% salt rejection was achieved in all experiments. Under the same
operational condition and applied pressure of 900 psi, RO desalination of BD/PW and BD
alone achieved a concentrated stream with TDS of ~60 g/L and 15 g/L, respectively
showing the advantage of mixing the two-stream for more energy-efficient thermal
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desalination and 10-lb production. Under the same operational condition, water recovery
of RO treatment of BD/PW and BD alone were 63% and 85% respectively.
Brine electrolysis (chapter 3)
•

Lab-scale brine electrolysis was developed and generated sodium hydroxide with 95%
columbic efficiency.

•

The generated sodium hydroxide along with sodium carbonate as alkalinity supply
removed major scale-forming cations from three different PW samples effectively.

Techno-economic analysis (Chapter 4)
•

Economical comparison of BD/PW co-treatment with BD treatment showed that the unit
chemical cost of the co-treatment was two times less than the sum of the unit chemical cost
of treating BD and PW separately.

•

The net present value of the co-treatment process on a real-world scale was estimated to be
positive and around $5/m3 of the inlet wastewater. The positive value shows that revenues
would be higher than the cost with this on-site co-treatment method.

•

Sensitivity analysis of each of the major costs and revenues revealed that revenues from
on-site treatment (saving transportation cost) had the largest positive impact on normalized
NPV. Excluding the on-site treatment plant and transposition cost, the tipping fee followed
by the brine sale had the largest positive impact.

•

Mechanical vapor compression for thermal desalination and chemical costs had the largest
negative impacts on NPV followed by RO desalination

5.2 Recommendation for future work
Our study showed the feasibility of the BD/PW co-treatment by taking advantage of their
complimentary chemistry to reduce the environmental footprint of the treatment. Results of
economic analysis confirmed the chemical and energy saving of the co-treatment compared to the
treatment of each waste stream individually using the same process. Some suggestions can be
considered for future work/application to increase chemical/energy saving and resources recovery:
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1. Development of pilot-scale brine electrolysis that can be fed with the RO reject stream and
generate sodium hydroxide for softening tank and pH adjustment during the process. This
could minimize chemical consumption significantly.
2. Substituting the chemical softening with NF when applicable (TDS concentration of the

feed water is in the range of maximum-allowed pressure of NF) will eliminate the huge
chemical consumption in the softening tank.
3. A pilot study of generating 10-lb brine from RO-reject stream by downstream thermal
desalination
4. To manage the variation in PW characteristics, A storage tank can be used to receive
produced waters in the proximity of the power plant. The on-site storage tank can
homogenize the PW composition to provide a consistent feed water stream for the cotreatment process.
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